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SUMMARY 
The lifting paddlewheel, (LPW), is a non-buoyant, bladed 
wheel similar to the paddlewheels used on riverboats, but is 
arranged to produce both propulsive and lift forces. Four suitable 
LPW's used on a high powered, amphibious vehicle would enable it 
to drive on land as well as water, where it could lift itself up 
to drive over the water surface at speed, supported only on its 
blade tips. 
Experimental testing tank work with over 40 LPW forms was 
undertaken, covering force measurements, power measurements and flow 
visualisation. A wake regime was identified, comprising displacement, 
transition and planing type wakes, as exhibited by other water craft. 
A stall-like phenomenon, denoted cavity intrusion, was found to occur 
when each descending blade begins to encounter the cavity left by 
the previous blade. 
A theory was developed to describe the lift and propulsive 
forces in the relatively simple case of a flat-bladed LPW in the 
planing condition. These forces were shown to be predominantly impul-
sive in nature and to occur at blade entry. 
A semi-empirical scheme, based on the above theory, was 
developed for designing LPW craft. 
A 4 kg four-wheel-drive, radio controlled model LPW vehicle 
successfully demonstrated the LPW concept, and speeds of 32 kph 
were attained. Practical experience with this type of craft was 
gained while using this model as a testbed for over 25 different 
LPW types. 
Outline design for a full-sized prototype craft indicated 
that a performance, in terms of power requirements and speed capability, 
equalling that of high powered hydrojet boats could be expected. 
It was concluded that with the development of combination 
road and water LPW's from the present successful designs, the LPW 
craft could be a unique amphibian with its high water speed and all-
terrain capabilities. 
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(xxxix) 
GLOSSARY OF TERMS 
alignment calibration, original alignment calibration: 
bench calibration of the force balance before tank 
tests. 
aspect ratio: blade span/chord 
blade angle, (¢): angle between blade and tangent 
blade cavity: hole left in the water after the rapid 
passage of one blade 
blade chord, chord (C): blade dimension perpendicular 
to wheel axis 
blade passage: transit of the blade through the water 
blade tip speed, tip speed, (Vt): speed of wheel rim 
relative to its axis 
bouncing, porpoising: vertical motion of the model 
LPW craft 
bowsplash: bow wave, or mound pushed ahead of the LPW 
buffer and control unit: part of the data logging system 
'C' coefficients: impulse theory force coefficients 
cavity, wheel cavity: the hole in the water scraped 
out by the wheel 
cavity intrusion, (C.I.}: the condition where the 
incoming blade breaks through into the blade 
cavity left by the previous blade (sometimes means 
surface C.I.) 
Section 
5.5.1 
Fig.l.2 
Fig.l·2 
Fig.9.10 
Fig.l.2 
Fig.4.2 
12.6.3.3 
4.9.1 
6.3.1 
9.4.1 
4.9.3 
Fig.l. 7 
(xxxx) 
cavity pounding: drumming sound made by the LPW at 
high rps during low speed operation 
coefficient equation: equation defining the impulse 
theory coefficient 
concave blade: a blade straight spanwise but curved 
chordwise to be concave on the pressure face 
constant data: the fixed conditions during tank tests, 
such as blade angle, date, immersion depth 
convex blades: (see concave blades above) 
depth, immersion depth, (d): the distance to the wheel 
rim below the water surface. 
depth angle, immersion angle, (8): angle between the 
vertical and the wheel radius intersecting the 
water surface 
depth Froude Number, (Fd): v0 /gd 
diametral Froude Number (Fr): V0 //9:0 
displacement mode, operation, condition: operation at 
speeds where wavelength is less than wheel diameter 
Fx < 0.65 
displacement-displacement: both LPW's and craft hull are 
in their displacement conditions 
displacement length ratio: 6/(~'/100) 3 
draught: hull immersion 
edge-to-edge blade angle: 
Section 
9.2.2 
9.9 
10.6 
7.4.4 
Fig.l.2 
Fig.4.5 
4.2 
4.2 
4.15.2 
12.6.2 
Fig.l3.4 
Fig.l0.3 
(xxxxi) 
effectiveness, blade effectiveness, (E): fraction of 
maximum theoretical efficiency achieved by a wheel 
efficiency, propulsive efficiency, (n): TV0 /P 
F.B: flat blade 
flying: the condition of the LPW craft where its hull 
is clear of the water. 
force balance: the device used for measuring LPW forces 
force-rps plot: 
fountain, fountain effect: the large quantity of water 
sometimes thrown up at the rear of a wheel in water 
heel: inner edge of LPW blade 
hump, hump condition: the second part of the transition 
zone where the wheel climbs its bow wave 
immersion angle, (8): see depth angle 
immersion depth, (d): see depth 
immersion ratio, (d/D): depth/diameter 
impulse theory: analysis assuming the forces are 
generated by impulsive action at blade entry 
in-practice calibration: calibration of force balance 
at the testing tank 
induced mass: added mass, virtual mass; a construct 
used to aid force calculations in unsteady flow 
intersection region, zone: the region of the force-rps 
plot where the curves change from parabolic to linear 
Section 
4.14 
4.14 
10.4 
Fig.l2.20 
5.3 
Fig.l.6 
11.3.2 
Ch.lO 
Fig.l.5 
4.2 
4.7 
5.5.2 
4.5 
Fig.l.6 
(xxxxii) 
'K' coefficients: coefficients derived from dimensional 
analysis 
lift: the force in the vertical direction 
lift augmentation: any lift force additional to that 
generated by the LPW blades 
lift-off: the action of the LPW craft in raising its 
hull clear of the water surface 
linear section, region: straight line section of 
force-rps plot 
LPW: lifting paddlewheel 
mid-section plates: plates between front and rear 
wheels on the LPW craft 
MWD: Ministry of Works and Development 
parabolic section: curved section of the force-rps plot 
perpendicular velocity, (Vp): component of the velocity 
of the blade tip, perpendicular to the blade 
planing operation, condition: wheel operation when 
Fx > 0.85, at a velocity which produces a planing 
type wake 
planing-(displacement, transition, planing, flying): 
conditions of operation of the LPW craft with 
LPW's planing 
porpoising: see bouncing 
Section 
9.4.1 
12.6.2 
Fig.l.6 
Fig.l.2 
Fig.l3.3 
5.9.4 
Fig.l.6 
4.6.6 
4.15.2 
12.6.2 
power coefficient, (Cp): impulse theory power coefficient 9.8 
(xxxxiii) 
power budget: summation of all power losses 
propulsive efficiency, efficiency, (n): TV0 /P 
Rating Car: trolley used to carry equipment along the 
testing tank 
rating rank: MWD testing tank at Kainga 
rear plates: plates behind rear wheels on LPW craft 
SCI: surface cavity intrusion 
Solartron: automatic channel reading digital voltmeter, 
part of the data logging system 
span, blade span, (s): dimension of blade parallel to 
wheel axis 
speed of advance, (V0 ): velocity of LPW over the water 
standard wheel: the wheel examined most thoroughly in 
the tank tests 
static condition, operation, mode: wheel operation with 
no speed of advance 
surface cavity intrusion, (S.C.I.): condition where the 
entering blade encounters the edge of the cavity 
left by the previous blade at the water surface 
test identity chart: 
thrust: propulsive or horizontal force created by LPW 1 s 
tip: outer edge of LPW blade 
tip speed,(Vt): see blade tip speed 
Section 
9.8 
4.14 
5.9.4 
5.9.4 
Fig.l3.3 
Fig.l.7 
6.3.2 
Fig.l.2 
Fig.l.2 
5.8.2 
Fig.l.5 
Fig.l.7 
Fig.l2.6 
Ch.lO 
(xxxxiv) 
toe: outer portion of LPW blade 
transition zone, operation, condition: operation at 
the speed of advance between displacement and 
planing; 0.64 < Fx < 0.85 
trough condition: first part of the transition zone 
where the wheel sits in the trough of its bow 
and stern waves 
variable function: an equation used to adjust the 
impulse theory estimation of a force, in its 
relation to one variable, to the force found 
in reality. 
velocity ratio, (V0 /Vt): ratio between the speed 
of advance and the tip speed 
wheel cavity: see cavity 
waterline length Froude Number: F = V /lg~' for 
r o 
boats. F = V j/gdsin8 for wheels. 
X 0 
Section 
Ch.lO 
4.5.2 
Fig.l.5 
9.9.2 
4.15.2 
(xxxxv) 
LIST OF SYMBOLS 
A cross-sectional area of the LPW craft above water 
a 1 distance between the cavity edge and the point of 
entry of the heel of the incoming blade 
B number of blades on the LPW 
C any impulse theory coefficient 
c blade chord; dimension perpendicular to wheel axle 
combination of the 'C' coefficients for the T/L ratio 
air drag coefficient of LPW craft 
chosen effective blade chord at small immersions 
general force coefficient from dimensional analysis 
C.I. short for cavity intrusion 
D 
impulse theory lift coefficient 
power coefficient from dimensional analysis 
power coefficient from expe.riment 
impulse theory thrust coefficient 
projected blade chord c 1 = c sin ¢ 
ClL impulse theory lift coefficient before C.I. 
C2L impulse theory lift coefficient after C.I. 
wheel diameter to blade tips 
immersion depth of wheel 
horizontal distance between successive blade entries 
F generalised force 
FB flat blade 
depth Froude number (after Beardsley) 
diametral Froude number of LPW (or waterline length 
Froude number of hull) 
tangential force at blade tip 
waterline length Froude number of paddlewheel 
Section 
13.2.5 
4.9.3 
Fig.l.2 
13. 2.5 
13. 2. 5 
9.9.1 
4.2 
9.9 
4.2 
9.8 
9.9 
4.13.2 
9.9 
9.9 
Fig.l.2 
Fig.l.2 
Fig.4.21 
4.15.2 
4.2 
4.14 
4.15.2 
(xxxxvi) 
g acceleration caused by gravity 
h water depth to bottom 
Beardsley's lift coefficient derived from 
dimensional analysis 
lift coefficient based on momentum derivation 
coefficient of windage losses from rotation 
KT Beardsley's thrust coefficient derived from 
dimensional analysis 
thrust coefficient derived from dimensional analysis 
K:Tl thrust coefficient based on momentum derivation 
L lift force 
i half waterline length of LPW 
t• boat hull waterline length 
L measured lift force 
expt 
Lth theoretically derived lift force 
eory 
M 
m 
m' 
N 
n 
p 
P. 
l 
entrained water mass per second 
induced mass per second; induced mass flow rate 
induced mass per blade 
revolutions per minute 
revolutions per second 
power 
power consumed by paddlewheel 
power used in providing lift 
P power lost as kinetic energy of the wake in providing lost 
p 
rot 
the thrust force 
power lost as kinetic energy of rotation in the wake 
P power lost in generating spray and overcoming spray-
spray 
p 
T 
p 
w 
induced drag 
power used in providing the thrust force = V .T 
0 
power used to overcome rotational air drag in LPW's 
Section 
4.16.1 
4.2 
4.2 
4.13.2 
4.2 
4.2 
4.2 
4.15.2 
4.15.2 
9.8 
9.8 
4.3.1 
4.5 
4.5 
4.5 
4.14 
4.14 
4.12 
4.11.1 
4.13.3 
4.13.1 
4 .11.1 
4.13.2 
R 
R 
e 
s 
radius of LPW = D/2 
Reynold's number 
(xxxxvii) 
blade span; length of blade in direction of wheel axis 
S.C. I. surface cavity intrusion 
SD standard deviation; uncertainties are in terms of 
± lSD 
T thrust or propulsive force 
t time 
V general symbol for velocity 
v 
v 
c 
v. 
J 
v 
max 
velocity of blade tip relative to the water 
velocity of a wave 
critical flow velocity of a stream of water 
horizontal component of the perpendicular velocity 
velocity of flow discharge from a propeller 
theoretical maximum speed of a flying LPW craft 
V speed of advance of the LPW over the water 
0 
V perpendicular velocity; the component of the velocity 
p 
of the blade tip perpend~cular to the blade 
Vt velocity of blade tip relative to the wheel axis 
v 
v 
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CHAPTER 1 
INTRODUCTION 
1.1 THE LIFTING PADDLEWHEEL CONCEPT 
"If a horse could stamp his feet hard enough and 
fast enough~ he could walk across the surface of 
the water." 
Lord Kelvin ( 1) 
1.1.1 
The Lifting Paddlewheel (LPW) is a wheel which attempts to 
mechanically stamp on the water surface, to produce sufficient lift 
and thrust to both support and propel a vehicle over the water sur-
face (Fig.l.l). In its present form the LPW is not unlike the 
paddlewheels used for the propulsion of ships during the last century. 
The differences are that the blades need not be flat, and instead of 
being radial they may be fixed at a chosen angle to the radius or 
tangent, as shown in Fig.l.2. 
The LPW is rotated relatively fast in the same direction as the 
paddlewheel was for propulsion, so that greater forces are generated. 
As a result, the LPW, as well as exerting a propulsive force caused by 
the blades passing through the water, also exerts a useful vertical 
lifting force, sufficient to help support a vehicle. 
The LPW as examined in this project, is seen as a new direction 
in paddlewheel evolution, and because of its unique properties, may 
find application in a variety of areas, for example it may be used on 
high speed planing craft, for hovercraft propulsion, on swamp skimmers, 
on military vehicles or other specialist applications. 
1.1.1 The Lifting Paddlewheel Vehicle 
The main application imagined for LPW's in this project is for 
their use as the wheels of a high speed amphibious craft. It is 
envisaged that such a vehicle could have four LPW's in place of its 
wheels, arranged in the configuration of those of a road vehicle. 
1. Taggart P.l97 
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In the water it would be able to float or churn along slowly, 
or else pick up speed and lift its body clear of the water surface 
like a hydrofoil craft, and run over the surface at speed. See Fig.l.3. 
On arriving near the shore it could slow down, perhaps settling back 
in the water before driving up the beach on its unique wheels, to con-
tinue on down the nearest road. 
Such a vehicle, while holding a certain appeal, might well 
fulfil special needs if it could be made to perform as imagined. 
1.2 ADVANTAGES OF THE LPW CONCEPT 
Apart from the amphibious capability mentioned above, the LPW 
has a number of special advantages as a propulsive device: 
1. The LPW depends only on pressure increases for the develop-
ment of its forces. Because it operates through the water surface, 
air entry effectively prevents large pressure reductions from occurring. 
Cavitation, therefore, is not a limiting factor in LPW operation. 
2. LPW's being in the form of wheels will tend to roll over 
obstacles in the water. They would seem to lend themselves well to 
operation in obstacle or weed-ridden waters or shoal conditions. 
3. An advantage over hovercraft is the positive traction 
afforded by the LPW's both on land and water. 
* 4. The LPW craft has low drag. Once flying its main drag 
sources are much the same as those of a hovercraft, namely air drag 
and spray drag. Any drag the LPW blades experience as they move 
through the water only serves to increase the propulsive force. 
5. The same steering mechanism may be used for both land 
and water. 
6. Propulsive efficiency does not have a theoretical maximum 
limit so that it depends on physical and design limitations as to 
what efficiency may be achieved. 
7. As the speed of the LPW craft increases it lifts higher 
in the water. This not only gives more hull clearance but also im-
proves propulsive efficiency. 
* Terms with special meanings are underlined at their first appearance 
and explained in the Glossary of Terms at the front of the thesis. 
s. 1.2 
FIGURE l. 3: THE MODEL LPW CRAFT 
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1.2.1 Some Disadvantages of the LPW Vehicle 
Noted here are the most apparent disadvantages to the operation 
of the LPW concept. It is clear also that some of these might be dealt 
~ith effectively by appropriate design in a practical craft. 
1. Like aircraft, hovercraft and hydrofoils, the LPW requires 
power to make it fly. This power is constant once lift-off has 
occurred and while it is a major proportion of the power requirements 
at low speeds, it becomes a less significant proportion at higher speeds. 
2. Being a water surface craft, like a planing boat the LPW 
vehicle is sensitive to waves. It would be expected to employ its 
overwater and amphibious advantages in relatively sheltered waters. 
3. LPW blades are required to enter and leave the water 
rapidly during operation. This action inevitably involves vibration 
and losses. 
4. Spray is produced by the action of the blades. This not 
only causes energy losses but may be a nuisance in a real craft (see 
for example Fig.l.3). Fortunately it is not difficult to devise guards 
which can redirect the spray to advantage, increasing both lift and 
stability of the craft (see section 12.6.3 discussing this). Model 
prototype tests indicate also that spray is less of a problem at high 
speeds. 
5. LPW's designed to grip the water also grip the air, 
especially as the blades move forward at speed over the top of the 
wheels. Guards would be required to reduce the air drag of the wheels 
so as to avoid these unnecessary losses. 
1.3 RATIONALE FOR THIS LIFTING PADDLEWHEEL STUDY 
It used to be thought that the hovercraft would replace the car 
on the road and so provide its driver with an "Everyman's amphibious 
vehicle". However, hovercraft do not have the positive traction 
required of road vehicles so this has never occurred, though the hover-
craft has proved itself to be a useful, high speed, all-terrain vehicle 
where there is plenty of space. 
There is still no high speed amphibious road vehicle commercially 
available which does not have severe disadvantages of one form or 
another, such as very low water speed, limited road speed, or consider-
able preparation time for the land to water transition. 
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D 
B 
Blade Shape 
s 
c 
A 
d 
v 
0 
L 
T 
F 
T 
0 
p 
TABLE 1.4 
DIMENSIONLESS 
FORMS 
s/c 
d/D 
F 
r 
F 
X 
Wheel power 
n 
DESCRIPTION 
Wheel diameter 
Number of blades 
Blade span 
Blade chord 
Blade area A = sxc 
Blade aspect ratio 
Immersion depth 
' Immersion ratio 
1.4.1 
Blade angle to the tangent 
Speed of advance 
Blade tip speed rel. to wheel 
axis 
Velocity ratio 
Slips =(1-vo/v ) x 100% 
t 
Froude Number based on diameter 
Froude number based on water 
line length. 
Lift force 
Lift coefficient corrected 
for span 
Thrust or propulsive force 
Thrust coefficient corrected 
for span 
Total force F = /T 2 + L 2 
Wheel torque 
Propulsive efficiency 
Blade effectiveness 
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As noted above the LPW vehicle in its final form was imagined 
as being capable of high speeds on both land and water as well as 
having an all-terrain capability (being a four-wheel drive vehicle) 
and being capable of moving slowly and providing a useful towing 
capability in the water. 
As long as it appeared possible for the LPW vehicle to perform 
in these ways, it seemed worth investigating both the vehicle concept, 
and the LPW itself. 
1.4 BASIC LIFTING PADDLEWHEEL OPERATION 
Since the LPW concept is new this section is intended to cover 
its operation in outline and to introduce some of the basic ideas 
involved before covering them in depth in later chapters. Some of the 
effects are unavoidably oversimplified, but since the number of 
variables is large, it is helpful to see how they interrelate before 
they are tackled individually later. (See Table 1.4). 
Forces generated by the rotating LPW are controlled in magnitude 
by five main factors. These are : 
(1) The mass supply to the wheel in the form of fluid flow 
into the path of the blades. 
(2) The speed at which the blade encounters this fluid mass. 
(3) The area of the blade acting on the fluid. 
(4) The effectiveness with which the blade acts on the fluid. 
(5) The angle at which the blade is set and the angle at 
which the flow approaches it. 
The following effects are all related to these five factors. 
It is convenient to describe the operation of the LPW first by 
examining how the forces vary with respect to the velocity conditions, 
with the other variables remaining constant. 
1.4.1 The Velocity Conditions of Operation 
There are two velocities to be considered, the speed of advance 
V
0
, and the blade tip speed relative to the LPW axis, Vt (Fig.l.S). 
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When the speed of advance is zero, and the wheel is standing in 
one spot spinning, we have what has been called the static condition. 
In this case fluid is supplied to the wheel through the bottom and 
sides of the wheel cavity scraped out by the blades. In addition to 
this basic fluid supply, a flow is created through the wheel cavity by 
its rotation. The forces generated depend on t.his mass supply of fluid, 
and the amount it is accelerated. As the blade tip speed, Vt' increases, 
generally both lift and thrust increase. When the wheel revolutions 
are high (nD//gD ~ 1.6), the wheel cavity starts to oscillate in and out. 
This has been termed cavity pounding. 
Beyond this static condition, the LPW has two main modes of 
forward-moving operation, with a transition between them. These are 
(l) A displacement-type of operation, referred to as the 
displacement mode, and 
(2) a high speed type of operation called the planing mode. 
These are so named because the wakes formed by the wheel in these 
conditions are closely analogous to the wakes formed by displacement, 
and planing hulls at similar speeds (based on waterline length Froude 
numbers). 
In the displacement mode water supply is through the sides and 
bottom of the wheel cavity, but comes increasingly from the front, as 
the speed of advance, V , is increased. The wheel builds up a wave 
0 
train as if its immersed part was a tubby hull. As long as the speed 
of advance remains low, this wake is almost unaffected by increase in 
wheel revolutions, while the forces behave, with increased revolutions, 
as they did in the static condition, so that cavity pounding occurs at 
high revolutions as before. A wake like this has an inherent wave drag 
which reduces the thrust available from the wheel. 
As the wheel's speed of advance is increased further, it arrives 
at a condition where it is sitting in the trough between the bow and 
stern waves it has created. This is the first part of the two part 
transition zone and is termed the trough condition. The height of the 
stern wave is exaggerated by the water being lifted up by the wheel. 
As can be seen in Fig.l.S, the wheel in this position has almost no 
flow through its circumference to the blades, and this causes the wheel 
to be ineffectual in supplying lift or thrust forces. At this speed 
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of advance, then, as revolutions are increased from zero, the forces 
at first rise as before, until the trough is created, then they remain 
virtually independent of revolutions from then on. It can be imagined 
that this trough condition could well put a limit on the speed that a 
craft, with wheel propulsion, could achieve. 
When the speed of advance is increased beyond the trough speed, 
it enters the second part of the transition zone. The wheel then be-
gins to cut into and climb its own bow wave, leaving the stern wave 
and trough behind. This is analogous to the hump condition of a boat 
hull, and this terminology has been adopted. At this stage the rela-
tionship between the forces begins to alter. 
Once the speed of advance has increased beyond that of the two 
part transition zone, the wake forms like that of a planing craft with 
small oblique waves predominating. The Froude Number of the wheel, 
based on its waterline length is close to that of a planing craft under 
a similar planing condition. For these reasons this is called the 
planing mode and is the condition where the LPW would normally operate. 
In this condition virtually all of the water supplied to the wheel is 
entrained through the front of the wheel cavity. This causes the 
forces to occur in a somewhat different way from that of the displacement 
or static conditions. Forces are found now to be generated only at the 
moment of blade entry and are largely impulsive in nature. At this 
speed of advance, as the revolutions of the wheel increase, the lift 
and thrust forces, at first negative, increase parabolically from zero 
as shown in the force-rps plot for lift in Fig.l.6. This has been 
called the parabolic section of the force-rps plot. As wheel revolutions 
are increased further the descending blade, which had until now been 
meeting an undisturbed water surface begins to encounter the splash, 
and the scraped out cavity left by the last blade. This is called 
cavity intrusion of which two types are distinguished and shown in 
Fig.l.7, A, Band C. Under almost the same condition as those when 
surface cavity intrusion occurs (see Fig.l.7) the wheel begins to throw 
spray and froth forward in the direction of its motion. At high wheel 
revolutions this can build up into a large wave. This has been termed 
bowsplash and is shown to the top right of Fig.l.S. 
At the point where surface cavity intrusion and bowsplash begin 
to take place a stall-like effect occurs in the magnitude of the forces 
generated: the force on the force-rps plot (Fig.l.6) ceases to rise 
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parabolically and begins to flatten out. This has been termed the 
intersection region of the plot. With a further increase in wheel 
revolutions the forces generally continue to increase but not as 
rapidly, and now in a linear fashion. This has been termed the linear 
section of the force-rps plot as shown in Fig.l.6. This linear section 
of the force-rps plot, then, represents the forces generated while 
surface cavity intrusion and bowsplash are both taking place. 
Once in the planing mode, further increase in the speed of 
advance, V , of the wheel simply increases the magnitude of the forces 
0 
in proportion to the square of the speed as would be expected, as long 
as the velocity ratio (see below) remains constant. The force-rps 
plots at different speeds of advance, in the planing mode, have the 
same general shape as they had for lower planing speeds, each with a 
parabolic section, an intersection region, and a linear section; only 
the magnitudes of the forces vary. The velocity ratio at which surface 
cavity intrusion and bowsplash occur (where the intersection region 
occurs on the force-rps plot) remains unchanged with changes in speed 
of advance. 
The way the wheel forces vary with the wake, and the effects 
of cavity intrusion and bowsplash do not seem to have been fully 
appreciated in the literature. 
The two velocities, V
0 
the speed of advance, and Vt the blade 
tip speed relative to the wheel axis, are generally combined into the 
dimensionless velocity ratio, V0 /Vt. This ratio needs to be kept 
constant for geometric similarity of flow on scaling. For normal 
operation it is less than unity and when it is one, the blade tips 
just dip into and out of water so that little or no force is generated. 
The propulsive efficiency, n, theoretically cannot be greater than this 
velocity ratio, as indicated in Figs. 1.8 and 1.9, since kinetic energy 
must be left in the wake if useful forces are to be generated. 
Having examined the effects of velocity on LPW operation, the 
effects of the other variables will be discussed. 
1.4.2 Blade Effectiveness, s 
As can also be seen in Fig.l.9 the curve of efficiency rises 
close to the theoretical maximum value, then begins to fall away at 
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velocity ratio of about 0.5. Blade effectiveness is defined at a given 
velocity ratio (say 0.5). Hence at this velocity ratio in Fig.l.9 the 
blade effectiveness, E is about 0.9 and the propulsive efficiency is 
0.45 while the maximum efficiency that could have been achieved is 0.5. 
1.4.3 Effects of Blade Angle, ~ 
For flat blades, a good estimate of the forces generated may 
be made by considering the vector diagrams of the flow velocities 
created by the blades as they pass through the water. Since the forces 
can only be normal to the surfaces of the blades, changes in blade 
angle will alter the directions of the resultant forces, and hence 
the proportions of their lift and thrust components. Changes in blade 
angle, then, change the thrust to lift ratio. 
1.4.4 The Effect of Immersion Depth, d 
(Fig.l.2 shows immersion depth, d, span, s, 
and chord, c) 
An increase in the immersion depth at low speeds, during dis-
placement operation, increases the fluid flow into the wheel cavity. 
This causes an increase in the forces. During planing operation, on 
the other hand, when the forces are generated at the point of blade 
entry, an increase in immersion depth changes the position in the 
wheel's rotation where the blade encounters the water. It has been 
found that this has a similar effect as that of changing the blade 
angle, namely in effecting a change in the relative proportions of the 
lift and thrust forces generated. 
A simple relationship has been found to describe these effects 
in the thrust to lift ratio expression. 
In general efficiency decreases with increase in immersion depth. 
1.4.5 The Effect of Blade Span, s 
As the blade span is increased the cavity width increases and 
hence the fluid supplied to each blade increases. The forces generally 
increase in direct proportion to an increase in blade span both in 
displacement operation and in planing operation. 
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1.4.6 The Effect of Blade Chord, c 
The blade chord affects the forces for two reasons: 
(i) The outer edge of the blade is moving at tip velocity 
Vt relative to the wheel axis, and the inner edge, 
being on a smaller radius is moving more slowly. Con-
sequently the outer edge of the blade normally generates 
a greater proportion of the force for a fully immersed 
blade. 
(ii) At high wheel revolutions the outer edge only, of the 
blade encounters the water, since cavity intrusion is 
occurring (see Fig.l.7c). 
The result of these two effects is that for a wheel of fixed 
diameter the increase of chord increases blade area and therefore 
increases blade forces, but this increase in blade force becomes 
smaller as the increased area is placed nearer the wheel axis, and 
has little or no effect after cavity intrusion is occurring. An 
example is shown in Fig.l.lO, for the case before cavity intrusion. 
A relatively minor additional effect is that the increased wetted 
area of the wheel means more water is carried around, with a conse-
quent, slight efficiency reduction. 
1.4.7 The Effects of the Number of Blades, B 
For four reasons an increase in the number of blades is similar 
to an increase in blade chord when other factors are kept constant 
(i) Forces are increased approximately in proportion to 
the increase in total blade area. 
(ii) In the planing mode the intersection region on the 
force-rps plot occurs at a lower value of wheel 
revolutions because, with the blade cavities closer 
together, cavity intrusion starts earlier (see Fig.l.7). 
(iii) The larger wetted area tends to cause a decrease in 
efficiency as before. 
Two further factors also come into play : 
(i) When the number of blades gets below four, the impacts 
of individual blades cause excessive vibration. A 
larger number of blades produces a steadier force. 
20. 1.5 
(ii) It is easier to manufacture fewer blades. 
A balance between all these factors decides the number of blades 
to be used. Six blades seems to be a good compromise. 
1.4.8 The Effect of Blade Shape 
Although this area is not well understood it seems clear that 
the blade shape can be made to control the flow in the required way, 
so as to increase momentum exchange, reduce splashing and determine 
the proportions of lift and thrust in the resultant force. It 
therefore has an influence on the blade effectiveness. 
A specialised blade profile can readily be designed for one 
set of flow conditions, but changes in depth, velocity ratio and wake 
type can negate the value of such design. In spite of this, slightly 
concave blades (concave on the pressure side, curved chordwise but 
straight spanwise) have been found to be a reasonable compromise and, 
set at an appropriate angle, can reduce the effects of the trough 
condition, as well as providing adequate lift and thrust forces through-
out their range of operation. 
Blade shape design, then, is a compromise and future work is 
needed to find the optimum shapes. 
1.5 CONCLUSION 
The LPW concept has, seemingly, not been explored before. It 
is a new area and therefore does not derive much assistance from the 
literature. Consequently the project has been initially an experiment-
al one in which information about the LPW has been gathered. Most 
paddlewheel researchers, with the exception of Beardsley, have gone 
this far with their research and stopped. This project, however, has 
continued on from the data collection stage and developed a coherent 
theory to explain why certain behaviour is exhibited in the data. 
Much of the basic understanding of LPW operation (and therefore, also 
paddlewheel operation) outlined in section 1.4 above has therefore 
been brought to light only during the course of this project. 
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CHAPTER 2 
LITERATURE SURVEY AND BACKGROUND 
2.1 INTRODUCTION 
The idea of using the wheel as the element of support and 
propulsion on water has attracted attention for many decades. 
Records of both successful and unsuccessful attempts to use wheels 
on water contain a considerable number of extravagant claims, most 
of which were never tried in practice. Although patent literature 
contains a large number of such claims, untenable and untried ideas 
are still regularly put forward. 
This chapter reviews the more useful and relevant literature 
dealing with wheels on water. It also reports briefly on some of the 
unproven claims since they may yet have value, and they help to put 
some perspective on more promising ideas. 
The chapter is in four main sections: 
(i) Wheels for propulsion only, such as the paddlewheels of last 
century; 
(ii) Wheels providing support from their buoyancy; 
(iii) Wheels providing support from dynamic forces; 
(iv) Amphibious vehicles at present in use. 
2.2 PADDLEWHEELS : WHEELS FOR PROPULSION ONLY 
The paddlewheel literature provides the most useful basis for 
the Lifting Paddlewheel, (LPW) concept and is directly relevant to 
the propulsion aspect of LPW operation. 
2.2.1 Paddlewheel History (1) 
In ancient times the Egyptians and the Romans were aware of the 
potential of the paddlewheel as a propulsion device for water craft. 
It wasn't until 1776, however, that steam power was applied to paddle-
wheels. From about 1790 on, the paddlewheel gained in favour, 
especially in the rivers of America, and it remained in common use for 
a century, though the screw propeller gradually replaced it from the 
1. Volpich & Bridges Pt l, 1955 present a good historical review, 
P.327 ff 
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1850's onwards. Even so, the paddlewheel was still used for special 
applications in the 1950's though its use nowadays is rare. 
The major innovation in paddlewheel design during its regular 
use, was the development of feathering blades which were arranged to 
remain perpendicular to the water surface as they moved through it. 
Volpich and Bridge (1) point out, "When the screw propeller 
started to come into the forefront of marine propulsion the paddle-
wheel soon disappeared from sea-going vessels, not so much on account 
of any inefficiency of propulsion, but more due to its unsuitability 
for large changes in draught, and its liability to damage." 
Barnaby (2) adds that its greater cost was also a factor against 
the paddlewheel, and Beardsley notes (3) "By the time facilities and 
techniques were developed for performing systematic model tests and 
research in the field of propulsion the paddlewheel had been largely 
replaced by screw propulsion. As a result of the paddlewheel's fall 
from fashion, few model tests were conducted, and prior to the work 
of Volpich and Bridge in 1956 there was a dearth of published data 
produced by systematic model experiments." 
2.2.2 Gebers 1952 (4) 
The first extensive tests were conducted by Professor Gebers, 
superintendent of the Vienna Experiment Tank, in the years preceding 
the second World War, but the majority of the data was lost during the 
War. However Gebers showed that slip, or velocity ratio was not a 
complete definition of dynamic similarity for paddlewheels because of 
wavemaking, so that Froude's law of similarity had also to be taken 
into account. 
Geber's work is contained in two reports dated 1951 and is 
referred to by Volpich and Bridge. 
1. Volpich & Bridges, Pt I, 1955, P.329 
2. Barnaby Art 173 
3. Beardsley, H & H, June 1973, P.l3 
4. Volpich & Bridges, Pt I, 1955, P.330 
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2.2.3 Volpich and Bridge, 1955 to 1957 
These authors, in their three papers summarized previous work, 
set the paddlewheel in its historical perspective and gave their 
purposes in part as (1) 
(i) To establish some basic method of plotting results 
in a non-dimensional form. 
(ii) To test two geometrically similar wheels of different 
sizes to establish the validity of the laws of 
similarity with these non-dimensional figures. 
Their small wheel was 0.518 m (1.7 ft) in diameter, and their 
large wheel, twice this size at 1.04 m (3.4 ft) diameter. One of 
the major variables covered in their tests was the "star centre 
position" shown in Fig.2.1 which defined the angles of the feathered 
blades. Their tests covered the Froude Number range up to Fr = 1.49 
and are summarised in Table 2.2. 
Their findings were mainly involved with the measured results, 
and gave only a little analysis to provide insight into why certain 
changes occurred when certain variables were altered. This is un-
fortunate because without such insight it is difficult to predict what 
will happen when conditions are different from those in the test 
situation. However their data do provide a basis for comparison. 
Results 
Their results from Parts I, II and III (2) are summarised here: 
1. Efficiencies up to 80% were achieved with non-feathering 
blades, and.up to 88% with feathering blades, though 
these efficiencies were at high velocity ratios (0.8) 
and hence for low thrust forces. (2) 
2. There were no significant differences between the 
performances of the two wheel sizes when compared 
non-dimensionally. (3) 
3. There was an unexplained dip in the thrust curves at 
certain velocity ratios, and this was most pronounced 
with radial (non-feathering) blades. (4) 
l.Volpich & Bridges, Pt I, 1955, P.332 3. Volpich & Bridges, Pt II, P.467 
2.Volpich & Bridges, Pt II, P.482 4. Volpich & Bridges, Pt I, P.348 
24. 
FIGURE 2.1: VOLPICH AND BRIDGE'S LARGE WHEEL 
1.04 m (3.4 ft) DIAMETER, ON ITS 
TEST CARRIAGE. 
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1. 
2. 
3. 
4. 
5. 
4. While there was a complex variation in performance 
relating to the star-centre position, in general 
2.2.3 
the feathering blades could be arranged to give a 
10% improvement in efficiency over the radial blades. 
5. Efficiency decreased with increase in immersion: this 
was a large effect. As an example, under typical 
conditions, an increase in immersion ratio (immersion 
depth/wheel diameter) from 0.15 to 0.3 decreased the 
efficiency from 85% to 62%. (1) 
6. Higher efficiencies were possible with fewer blades -
6 blades was the lowest number tested, and this gave 
peak efficiencies about 15% greater than the 9-bladed 
wheel, and 12% greater than the 11-bladed wheel. (2) 
7. Curved blades gave a 10% increase in efficiency over 
flat blades in the comparison made, though unfortunately 
it is not clear which way the blades were curved. (3) 
,(~pparently standard practice was to have blades concave 
on the pressure face.) (4) 
8. Thrust force was found to increase almost directly in 
proportion to blade span. (3) 
9. Small entry and exit angles for the blades entering and 
leaving the water were shown to be beneficial. (This 
was achieved with feathering blades). (5) 
10. The results could be plotted on dimensionless plots 
which contained all the necessary information. 
11. The results in many respects merely confirmed the 
empirical knowledge which had been used before these 
systematic tests. (;5) 
Volpi(;ch & Bridges Pt II, P.474 
volpich & Bridges Pt II, P.481 
Volpich & Bridges Pt II, P.486 
Taggart P.87 shows concave blades on the wheel of the 'Greater 
Detroit' 1924. 
Volpich & Bridges, Pt II,P.489 
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TABLE 2.2: THE TESTS CONDUCTED BY VOLPICH & BRIDGE 
The Test Velocities Gave Froude Numbers up to 1.49 
(Ref: Volpich & Bridge, Pt.III, P.507) 
Reference Immersion Number Shape Size Star-centre 
letter Coeff. of of of position 
Blades Blades Blades Forward Up 
A 0.15 9 Curved 30 X 8 0.0551 0.0306 
B 0.20 9 Curved 30 X 8 0.0551 0.0306 
c 0.25 9 Curved 30 X 8 0.0551 0.0306 
D 0.30 9 Curved 30 X 8 0.0551 0.0306 
E 0.15 9 Flat 30 X 8 0.0551 0.0306 
F 0.30 9 Flat 30 X 8 0.0551 0.0306 
G 0.20 9 Curved 30 X 8 0 0 
H 0.20 9 Curved 30 X 8 0.0306 0 
I 0.20 9 Curved 30 X 8 0.0551 0 
J 0.20 9 Curved 30 X 8 0.0766 0 
K 0.20 9 Curved 30 X 8 0 0.0306 
L 0.20 9 Curved 30 X 8 0.0306 0.0306 
M 0.20 9 Curved 30 X 8 0.0766 0.0306 
N 0.20 6 Curved 30 X 8 0.0551 0.0306 
p 0.20 ll Curved 30 X 8 0.0551 0.0306 
Q 0.25 6 Curved 30 X 8 0.0551 0.0306 
R 0.25 ll Curved 30 X 8 0.0551 0.0306 
s 0.20 9 Curved 22t X 8 0.0551 0.0306 
T 0.25 9 Curved ?.2t X 8 0.0551 0.0306 
I 
u 0.20 8 Curved 30 X 8 0.0551 0.0306 
v 0.25 8 Curved 30 X 8 0.0551 0.0306 
w 0.20 9 Curved Wood 30 X 8 0.0551 0.0306 
X 0.20 9 Curved 27t X 8 0.0551 0.0306 
y 0.20 9 Curved woocl 30 X 8 0.0551 0.0306 
crescent 
sect. 
27. 
12. The complexity of paddlewheel behaviour precluded a 
unifying analytical approach. (l) 
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Part II of their study included a brief geometric study of the 
blades as they passed through the water. (2) In particular it examined 
the velocity during the blade passage but did not seem to consider the 
acceleration of the blade relative to the water, which would have had 
a significant effect on the forces generated. 
Of some note is the fact that efficiencies as high as 88% were 
achieved. This at first seems remarkable, but the authors noted (3) 
that since the high efficiency values were at high velocity ratios 
they could not be attained when the paddlewheels were providing useful 
thrust. (Calculations carried out during the LPW project indicated 
that these high efficiencies occurred in the transition zone of Volpich 
and Bridges' wheels so their results would not be relevant for either 
the slower displacement mode or the higher planing mode.) 
Part III of their work concentrated on gaining ship-model corre-
lations with data collected from operational paddlewheel craft. In 
this, the high efficiencies found in the testing tank were further 
examined and the authors concluded : (4) 
"It is clear ... that under normal working conditions [i.e. 
providing useful thrust] open wheel efficiencies for the model [wheel 
in the testing tank] are not likely to exceed 70%. [In the presence 
of a ship hull the] ... overall propulsive efficiencies are in the 
order of 40% to 45%. It is therefore apparent that the very high wheel 
efficiencies obtained in the experiments do not normally lead to 
correspondingly high propulsive efficiencies in practice." 
Part III also included a section of worked examples illustrating 
the use of the data in paddlewheel design. (This was later summarised 
by Barnaby ( 5),) 
Comments on Volpich and Bridge's Work 
While their project comprised, in the words of Barnaby, (5) 
" ... gallant attempts .. to provide adequate design data from experiments ... " 
l. Pt I P.358 4. Volpich & Bridges Pt III, P.520 
2. Volpich & Br·idges, Pt II, P.498 5. Barnaby, Art 174 
3. Volpich & Bridges, Pt II, P.504 
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R 110 t . 
FIGURE 2 ·3: BLADE ARRANGEMENT FOR HELM'S 
FEATHERING PADDLEWHEEL. THE FEATHERING 
MECHANISM WAS CAM OPERATED. A VARIETY 
OF BLADE TYPES WAS TESTED. 
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only a little observational and theoretical information was provided 
to explain certain trends. As an example in the following extract 
Volpich and Bridge came very close to identifying what this project has 
called trough speed. They noted in Part II (1) 
" ... the thrust and torque collapse ... which was very marked in 
the preliminary experiments, persists to a greater or lesser degree 
throughout the entire field covered ... The practical result of this 
feature is ... in that at certain speeds the rpm required for a given 
thrust or power are abnormally high and in the worst instances become 
quite impractical." 
It seems a pity that they did not observe the wave formation 
causing this, as this wavemaking is the key to many inconsistencies 
they observed in their results, such as this dip in the thrust curves, 
( ( 3) above) . 
Their extensive work has unfortunately not been particularly 
useful for the purposes of the present project as the data presented 
were only marginally applicable and the theories and observations 
which could have helped were largely undeveloped. 
2.2.4 Helm 1967 
Helm, of Germany, tested deeply immersed, six-bladed feathering 
paddlewheels with the objective of developing a propulsion system for 
high speed flat bottomed craft for shallow water use. His wheels' 
feathering mechanism was cam-operated and is shown in Fig.2.3. 
d immersion ratios were unusually large and ranged from 0 = 0.5 to 
The 
d 0.72 so that all tests were conducted with the wheel axis immersed. 
D 
The wheels were about 0.3 m in diameter, this value varying with the 
blade chord. The tests covered the Froude Number range up to Fr = 1.53. 
Flat and curved blades were tested, the curved blades being concave on 
the pressure face. His tests are summarised in Table 2.4. 
Results 
Helm's results were recorded on dimensionless plots which were 
less cramped than those of Volpich and Bridge, and used different 
dimensionless quantities. His main findings were: (2) 
1. Volpich & Bridges, Pt II, P. 4 71 
2. Most findings are from his plotted data, or his Summary P702 since 
a full translation was not available. 
30. 
Water 
c 
(mm) 
30 
60 
90 
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TABLE 2.4: SUMMARY OF HELM'S TESTS 
Wheel diameter: 
Span , s: 
Chord, c: 
300 mm (approx ... 240 mm +blade chord) 
400 mm (no end plates) 
30, 60, 90 mm 
Number of blades, B: 6 
Blade angle: Feathering blades 
900 mm deep: 
D d -D FLAT BLADES CURVED BLADES 
(mm) Wheel Revolutions (rps) Wheel Revolutions (rps) 
47 59 69 81 47 59 69 81 
270 0.5 X X X X 
0.57 X X X X 
0.65 X X X X 
0.72 X X X X 
300 0.45 X X X X X X X 
0.52 X X X X X X X 
0.58 X X X X X X 
0.65 X X X X X X 
330 0.41 X X X X X X 
0.47 X X X X X X 
0.53 X X X X X I X 
0.59 X X X X X ! X 
' 
Shallow water 350 mm deep: 
II 
' 
I I ~ I I I 60 300 0.45 X X X X ' 0.65 X X X ~ 
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1. Although deeply immersed, the wheels produced useful 
thrusts. 
2. Maximum efficiencies were around 40 to 45%. 
3. These peak efficiencies occurred at velocity ratios 
of about 0.46, (suggesting high blade effectiveness). 
4. The peak efficiencies occurred at about Fr' = 0.85 
(which would seem to be about trough speed). 
5. 
6. 
After the peak efficiencies at about F = 0.85 the 
r 
efficiency fell away to zero at about F 1.5. 
r 
The thrust produced at the peak efficiency was about 
one half to one third of maximum thrust (which is 
similar to the findings of Volpich and Bridge). 
7. Curved blades gave better results for large blade 
chords, and flat blades were better with small 
chords. (Blades were concave on the pressure face.) 
8. The wheel, with feathering blades, gave efficiencies 
that were consistently 10% greater than those of a 
"normal" wheel as tested by F. SUberkrub in 1949. 
9. Tests in shallow water indicated reductions in both 
torque and thrust with increase in Froude Number 
(up to F r = 0 . 7 8) . 
Comments on Helm's Work 
Helm referred to papers by F. SuberkrUb and 0. Krappinger 
as well as Gebers, which are all published in German. Because of the 
difficulty in obtaining translations and the fact that these papers 
are unlikely to shed any more light on the LPW concept, they have not 
been surveyed for this project. 
In relation to 4 above, the data for this project for non-
feathering blades also tended to have higher efficiencies at around 
trough speed, before falling to lower values once the LPW was planing. 
Beardsley also recorded similar peaks in efficiency at Fr = 0.3 to 1, 
before it settled to apparently steady values for further increase in 
Froude Number (1). These consistent findings suggest that the presence 
1. Beardsley Fig.21, P.22 
32. 
FIGURE 2 · 5: WRAY AND STARRETT'S CONCEPT DRAWING OF 
A HIGH SPEED AMPHIBIOUS VEHICLE 
1---------------------
1-----------·--------
FIGURE 2·6: THE PADDLEWHEEL TESTED BY WRAY AND STARRETT. 
NOTE VENTILATION HOLES IN THE END PLATES AND THICK 
BLADES (DIMENSIONS IN INCHES), 
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of the efficiency peaks is closely related to the wavemaking of the 
wheel. 
Helm apparently did not seem to appreciate that these peak 
efficiency values were associated only with a wheel in open water, 
and that the characteristics would be changed by the presence of a hull 
creating its own wave train. (One of Helm's figures showing peak 
efficiency in the transition zone is shown in Fig.4.30, section 4.14.1.) 
No further records of Helm's work have been found in the 
literature to date, so it is not known if his wheels were used in 
practice. 
2. 2. 5 Wray and Starrett ;L9,70 
These authors had in mind an idea not unlike that of Helm. 
They imagined a high speed, flat bottomed hull with the added facility 
of making the craft amphibious. The craft they envisaged is shown in 
Fig.2.5. Their stated ~qrpo9es w~re: 
1. To determine, by means of systematic model experiments, 
the hydrodynamic characteristics of a series of paddlewheel propulsive 
devices with fixed radial blades. 
2. To determine the feasibility of applying the high-speed 
paddlewheel to a high-speed planing hull of shallow draft. 
3. To develop and extend paddlewheel design parameters for 
high speed use. 
A significant aspect of their concept, in relation to wavemaking, 
was that they deliberately mounted their test wheel behind the transom 
of a model flat-bottomed hull where the inflow conditions to the paddle-
wheel were fixed in the same way that they would be in the full-sized 
craft. 
Because of the limitations of their testing equipment, their 
wheel was small: 0.127 m (5 inches) in diameter. It is shown in 
Fig.2.6. Note that the blades were mounted on a central hub, and that 
there were endplates on the wheel. These features were intended to 
make the wheel robust, and free from fouling in weed-infested waters. 
The blade edges were over 3 mm thick which unfortunately would have 
adversely affected the thrust under some operating conditions. 
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Their tests were conducted in flowing water in the Davidson 
Laboratory variable pressure free surface water channel. This was 
a different arrangement from the other tests cited where the wheels 
were moved over a still water surface. 
TABLE 2. 7 
WRAY AND STARRETT'S TEST PROGRAMME 
Wheel Diameter: 
Velocities: 
Immersion ratios: 
Wheel Revolutions: 
Number of Blades: 
127 mm (5 inches) 
1.1, 1.4, 1.65, 2.35 m/s 
(All planing speeds for the wheel) 
Critical velocity for the channel 
is 1.32 m/s. 
0.06, 0.1, 0.16. 
0 - 27 rps. 
12 ' 6. 
The full set of combinations of these variables was tested. 
Table 2.7 summarises their test series. Note that they tested 
a six and a twelve-bladed wheel, and their Froude Number range was 
from Fr = 0.99 to 2.11. 
Their report included performance calculations for a jeep-sized 
amphibious vehicle as a prototype for their concept. (1) The measured 
data only allowed for a maximum speed of 26 kph over water using a 
70 kW motor, but the authors considered that 50 kph could be attained 
with only a little extra power. 
1. Wray and Starrett,P.25 
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Results 
Wray and Starrett presented their results in a useful variety 
of ways. By plotting thrust and efficiency against wheel revolutions, 
they have produced a data form which is easy to comprehend, and the 
properties of the physical situation are therefore clarified rather 
than obscured. Their data were also replotted in a dimensionless form 
which is more useful for design purposes. 
l. 
2. 
3. 
4. 
5. 
Their main findings are summarised: 
l. Preliminary tests indicated the need for vent holes 
in the sideplates, shown in Fig.2.6, to allow the 
water to enter the space between the blades. (1) 
2. Efficiencies in the useful range were low, around 
26%, (2) but peak efficiencies were about 40%. 
3. Thrust and, contrary to expectation, peak efficiency 
both increased with immersion. (3) (However a closer 
look at the data indicates that the sharp efficiency 
peaks, only, vary in this way and the bulk of the 
efficiency results decrease consistently with 
immersion as indicated by earlier reports.) 
4. There was a "thrust 'breakdown' occurring at 40% 
slip [velocity ratio of 0.6] which appeared to occur 
over a span of 10% slip [velocity ratio of 0.1] after 
which the thrust again continued to increase with 
increasing slip". (4) An example from their data is 
given in Fig.2.8. They noted that similar breakdown 
were reported by Volpich and Bridge. (This breakdown 
is cavity intrusion described in section 1.4 and 
Fig.l.7.) 
5. The six-bladed wheel fairly consistently gave more 
thrust and better efficiencies than the twelve-bladed 
wheel. (5) 
Wray and Starrett P.21 
Wray and Starrett P.26 
Wray and Starrett P. 22 
Wray and Starrett P. 21 
Wray and Starrett P.21 and 22 
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FIGURE 2·8: THRUST vs SLIP FOR VARIOUS ADVANCE VELOCITIES 
(V0 ) FOR WRAY AND STARRET'S 6-BLADED WHEEL 
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6. 
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They noted the presence of "form" drag of their wheel 
which prevented the thrust from being zero at a velocity 
ratio of 1. (1) 
7. They proposed that: 
"There appeared to be some type of flow phenomenon which 
more seriously affects a wheel of small diameter than a 
wheel of large diameter". (2) This was especially 
noticeable when comparing the efficiency curves with 
those of other experimenters using larger wheels. 
Comments on Wray and Starrett's Work 
While it was both wise and innovative of these authors to 
introduce the craft hull into the test setup there were two factors 
relating to their test conditions worth comment. Firstly, their 
channel was relatively confined: the flowing water cross-section was 
330 mm wide by 178 mm deep, and into this the wheel, 127 mm wide was 
immersed up to 20 mm. (3) While blockage effects were likely to have 
been small they may well have been significant, and the effects of 
the walls close by may have affected the wavemaking in an unpredictable 
way. No mention of these factors was made in the report. 
Secondly, as noted in section 4.16, flowing water passes through 
a critical velocity, dependent on its depth, and its wave propagation 
properties change after it has reached this velocity. For Wray and 
Starrett's setup this critical velocity can be calculated as 1.32 m/s. 
From Table 2.7 it is clear that one of their sets of measurements was 
taken a little below critical velocity and the other three were taken 
above it. While the presence of the hull in their tests probably 
limited the influence of the varying flow regime, it would have been 
cleaner to have excluded this variable. 
In 7 above, the authors considered the size of their wheel as 
being the factor involved in producing low efficiencies in their tests. 
~ertainly an evaluation of their data indicates low blade effectiveness.) 
However their conditions were different from those of others in several 
ways so the following factors should also have been taken into account 
when comparing results: 
1. Wray and Starrett, P.22 
2. Wray and Starrett, P.29 
3. Wray and Starrett, P.l4 
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l. The presence of endplates. 
2. The presence of a hull form altering the inflow conditions 
(Helm, Volpich and Bridge, Beardsley and this project all 
give indications that maximum peak efficiency is related 
to wave formation) . 
3. The possible influence of the flowing water. 
4. The, relatively, very thick blade edges. (Volpich and 
Bridge had blade edges of the same thickness in their 
1.04 m diameter wheel. (1)) 
With these variables also involved it would be unwise to conclude that 
the wheel size alone caused the observed performance degradation. 
In the light of the LPW concept it is particularly interesting to 
note the following paragraph in Wray and Starrett's report: (2) 
"The entire wheel, drive motor, and tachometer assembly was 
mounted on a three-component balance system. The balance system was 
set up to measure the torque, thrust and lift produced by the paddle-
wheel. Preliminary data showed the lift component to be negligible 
and the lift element was therefore removed to reduce vibration and 
noise in the overall recording system." 
Apparently the preliminary data were at the lowest speed, and 
therefore in the displacement mode, as data for radial blades in this 
LPW project indicated as much lift as thrust was present in the planing 
mode once cavity intrusion is occurring. 
No reply was received from correspondence with the authors of 
this concise report. 
2.2.6 Beardsley, 1973 
In his paper on Surface Impulse Propulsion (SIP) Beardsley 
presented the most useful reference for this LPW project. 
He defined Surface Impulse Propulsion as propulsion by actuation 
of the surface layer of the water, and he outlined the advantages which 
1. V & B Pt I P.34l and 342 
2. Wray and Starrett, P.l3 
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this propulsion method may have over other means. Although this SIP 
concept also relates to surface-piercing propellers, which are 
exceptionally efficient, in Beardsley's project it was translated into 
a paddlewheel format, where the wheel was not deeply immersed and had 
fixed, specially shaped blades. He suggested that the inflow and out-
flow conditions could be controlled, (like Wray and Starrett's) with 
surfaces or plates. His wheel concept is shown in Fig.2.9. 
As Beardsley felt that his data supported the concept of such 
high speed amphibious craft as suggested by Wray and Starrett, he made 
one of his aims to extend the Froude Number of his tests beyond that 
to which previous tests had been conducted. (1) He achieved a Froude 
Number of Fr = 2.6 with an 0.153 m (6 inch) diameter wheel. (2) 
Although he did not present a summary of the tests conducted, Table 
2.10 covers the range of data he used in his paper. 
As well as trying to discover the effect of speed (with high 
Froude Numbers) Beardsley's tests were intended to determine the major 
effects of size, span, number of blades, blade shape and immersion 
depth. 
Results 
1. 
2. 
1. From Beardsley's own tests with three wheel sizes, 
and, notably, from Wray and Starrett's comments he 
concluded that model rotors should be at least 0.3 m 
(1 ft) in diameter to assure that test data could 
be reliably scaled to larger operational sizes. (2) 
However he admitted that the effect of wheel size 
did not yet appear to be fully established. 
2. The number of blades should be in the range from 6 to 
20 but there was a lack of good reason to explain why 
performance was best in this range. (3) 
3. Thrust increased directly with blade span, with no 
change in efficiency, but with low aspect ratios 
some degradation possibly occurred. 
Beardsley 
Beardsley 
P.20 
P.l5 
3. Beardsley, P.l6 
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4. There appeared to be little difference between the 
performance of paddlewheels having blades mounted on 
a large hub, or with open spaces between the blade 
roots. 
5. Blade shape was seen as important - all previous data 
and Beardsley's own, pointed to this fact, but since 
there was little information available on blade flow 
conditions, this was where he felt future work should 
be concentrated. (l) 
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6. The effect of immersion in Beardsley's tests essentially 
confirmed the results of previous workers: increased 
immersion produced increased thrust and torque and lower 
propulsive efficiencies. 
7. There was a dip in the thrust curves which was related to 
speed of advance and depth of immersion. This was termed 
"transition dip" and was related to the "gravity-induced 
mass supply to the wheel". (This was the same dip noted 
by Volpich and Bridge; section 3.2.3, point 3 and this 
is the transition zone of this project. See Fig.l.S.) 
8. As speed was increased beyond the "transition dip", it 
was believed that Froude or gravity effects should become 
minor as compared with dynamic effects. It was thought 
that the thrust coefficient and efficiency would then 
reach stable values with increasing speed as long as blade 
effectiveness remained constant. 
9. An interesting note was made of the fact that the water 
flow changed direction relative to the blade as it passed 
through the water, but the effect of this was not under-
stood. (2) 
Comments on Beardsley's Work 
Once again the presence of the waves making the trough and hump 
conditions were overlooked, though Beardsley almost identified the 
physical situation by graphical handling of the data. He established 
the "transition dip" which he described " ... this dip is considered to 
occur in the region where the supply of mass flow changes from chiefly 
l. Beardsley, P.l9 
2. Beardsley, P.23 
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TABLE 2ol0: BEARDSLEY'S TESTS 
NOTE THAT ALL HIS ROTORS HAD END PLATES OUT TO THE 
BLADE TIPS. BLADE SHAPES ARE IN FIG.2.9 
B Blade d Vo F 
nD Vo 
lgD - c s 
-
m/s r Vt 
-
Shape D D D 
12 Typo 0.088 0-3.4 0-1.8 0.83 0-0.7 0.088 0.5 
II II II II II II II II II 
II II II II II II II II II 
12 Curved p.088 0-3.4 0-1.8 0.58 0-0.8 0.088 0.5 
15 II II II II II II II II 
30 II II II II II II II II 
60 II II II II II II II II 
12 Curved 0.088 0-3.2 0-1.5 0.75 0-0.7 0.088 0.5 
II On Hub II II II II II II II 
15 Curved 0.088 0-3.4 0-1.8 0.58 0-0.8 Oo088 0.5 
II Flat II II II II II II II 
II Curved 0.167 II II II II II II 
II Flat II II II II II II II 
12 Curved 0.088 0-3.2 0-1.5 0.72 0-0.7 0.088 0.5 
II Typ. II II II II II II II 
12 Typ. 0.075 0-3.2 0-1.5 0-0.67 0-0.7 0.088 0.5 
II II 0.088 II II II II II II 
II II 0.117 II II II II II II 
II II 0.172 II II II II II II 
12 Typ. 0.088 0-2.3 0-1.1 0.4 ' 0.088 0.5 
II II II 0-2.8 0-1.6 0.4 II II 
II II II 0-3.2 0-2.6 0.4 II II 
12 Typ. 0.088 0-2.3 0-1.1 0.5 II II 
II II II 0-2.8 0.1.6 0.5 II II 
II II II 0-3.2 0-2.6 0.5 II II 
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gravity fed to chiefly horizontally entrained." And further " ... at 
the dip, the speed of advance has become so great that the rotor is 
running away from the cavity before gravity-induced flow can supply 
it." (1) This seems like a good description of the wheel making the 
transition from hump speed to planing speeds. 
Beardsley, also, failed to measure lift forces and gave the 
terse comment: "Unfortunately, vertical forces were not measured" (2) 
as the only recognition that they probably existed. 
His conclusion, while relevant to paddlewheels is equally rele-
vant for the LPW concept; (3) 
"The process of SIP depends essentially on the efficiency of 
a process consisting of three coordinated steps: blade entry, application 
of change of water momentum, and blade withdrawal. Accomplishment of 
this process with the required degree of efficiency will require an 
understanding of flow over the blades for various types of motion rela-
tive to the water, and also the development of the mechanical means of 
accomplishing the type of motion found desirable. 
"In view of the significant benefits which may be derived it 
appears that Surface Impulse Propulsion merits active study and develop-
ment. It is recommended that efforts be directed to analytical and 
experimental study of flow and to high speed model tests of impeller 
rotors having blades designed with the knowledge acquired in the flow 
studies." 
These recommendations were partially carried out by the work 
described later in this project. 
Correspondence with Beardsley proved both instructive and 
encouraging. (4). 
1. Beardsley, P.20 
2. Beardsley, P.lS 
3. Beardsley, P.24 
4. Alexander, 1977, Appendix 3 
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FIGURE 2.11: THE BAZIN ROLLER BOAT. THE ROLLERS 
PROVIDED BUOYANCY, AND ROTATED TO 
REDUCE SKIN FRICTION. 
2.3.2 -
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2.3 WHEELS PROVIDING BUOYANT SUPPORT 
This section considers reports of buoyant wheels which provide 
most or all of the craft support, if not the thrust as well. 
An idea which has surfaced from time to time is that the skin 
friction of a craft could be reduced to a negligible amount if the 
craft employed rollers which rotated like wheels as it moved along, 
making the relative speed between the water and the roller zero some-
where on the roller surface. The significance of wave drag with such 
tubby buoyant forms as wheels, however, was usually overlooked. In 
view of some tests done in the testing programme of this project, some 
of these reports are included briefly here. 
2.3.1 The Bazin Roller Ship, 1896 
Taggart ·(l) records the Bazin roller ship shown in Fig. 2.11 
which was actually constructed, and crossed the English Channel to 
tour Eastern England in 1869. It displaced 285 tonnes, was 37m long 
and was propelled by a 410 kW engine dri~ing a propeller, while the 
six rollers were turned by three 37 kW engines. The rollers were 12 m 
in diameter and were immersed about 3 m into the water. Seven knots 
was claimed as its speed across the English Channel. Twice this speed 
would normally be expected of a conventional craft of this power, but 
Bazin felt that the low trial speed of the ship was due to the inabili-
ty of the motors to drive the rollers at a high enough speed. 
This was a case where the rollers were used primarily for 
buoyancy. There have been a few similar craft constructed and tried, 
where the rollers were intended to provide propulsion as well as 
buoyant support. A recent, more serious attempt to come to terms with 
the idea follows. 
2.3.2 The Rollercraft, Kearsey, 1971 
In May 1971 Kearsey, from the University of Southampton, 
published the results of his Ph.D. thesis in which he examined the 
feasibility of u~inglarge, flexible-skinned, inflated rollers as the 
means of support and propulsion for the Rollercraft. He also saw the 
possibility of making this craft amphibious. 
l. Taggart, P.l89 
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FIGURE 2.12: THE INFLATABLE FLEXIBLE ROLL-
ERCRAFT WHEEL (A) , AND A 
ROLLERCRAFT WHEEL WITH 
I HYDROFOIL I (B) • 
motion 
FIGURE 2.13: KEARSEY 1 S PROTOTYPE ROLLERCRAFT. 
2.3.2 
47. 2.3.2 
The rollers he employed were constructed with rigid circular 
end plates connected by a number of axial rods spaced around the 
circumference. Each roller was covered with a flexible loose skin, 
and the assembly inflated with low pressure air (see Fig.2.12(A)). 
The blades of the roller were formed when it was partially immersed, 
by the balance between the internal air pressure and the hydrodynamic 
and hydrostatic water pressure. 
Beardsley described the action: " ... during water actuation the 
plaint surface of the inflated rotor provides a blade shape that con-
tinuously adapts to local flow conditions. In addition, the energy 
absorbed by the inflated rotor during the local surface depression is 
efficiently converted into propulsive power by the horizontal rear-
ward repulsion of the entrapped water." (l) Kearsey noted that: 
" ... the blades reformed into a smooth cylinder once the hydrostatic 
and hydrodynamic forces fell below the internal pressure of the rotor 
and thus were incapable of carrying water up and over the rotor". (2) 
Kearsey also tested a rigid roller of dimensions similar to 
those of the flexible roller, <;1nd experimented with a "hydrofoil" 
placed in the wake of the rollers, shown in Fig.l2(B). It was claimed 
that the flexible rotors in conjunction with the "hydrofoil" were 
able to " ... extend the range of advance ratios and immersion depths 
for which thrusts [could] be obtained, and to reduce the power require-
ments by some 50% of the rigid bladed rotor." (3) 
It is tempting to think that these rollers would not be required 
to produce any nett thrust because there is no craft drag to overcome 
and they can be imagined as simply rolling on the water like a pinion 
gear on a rack. However the rollers create waves, introducing wave-
drag and creating trough and hump conditions which could put an upper 
limit on the craft's speed unless the rollers are capable of making 
the transition to a planing-type wake. 
Kearsey was aware of the presence of wavedrag (4) through his 
wheels apparently did not strike the difficulties encountered by the 
LPW in negotiating the transition zone to planing speeds. 
l. 
2. 
Beardsley, P.l9 
Kearsey, Hovercraft and Hydrofoil, P.22 
3. Kearsey's Thesis,P.l51 
No.8 
4. Kearsey's Thesis, P.24 
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He was well aware of the presence of lift forces both from 
buoyancy and dynamic conditions, and he measured them as a matter of 
course. 
Unfortunately one factor throws doubt on the validity of 
Kearsey 1 s measured results. The tests from which his data originate 
were conducted in a flowing stream of water in a restricted channel. 
His 0.3 m diameter by 0.2 m span test rollers (l) were immersed up to 
0.15 m (2) in this channel of dimension 0.46 m wide (3) and 0.29 m 
deep. (4) Although Kearsey recognised that these were cramped condit-
ions he was unable to assess their effect : 
"By taking a datum test at zero rotation an allowance could be 
made for this; [blockage effects] further tests on the manned model 
will help clarify the extent of this interference." (5) 
Kearsey made no mention of the fact that the velocity of flow 
for which most of his results were taken (6) was within 10% of the 
critical velocity of open channel flow (as outlined in section 4.16). 
Under these conditions the measured results would be affected in such 
a way as to make it difficult to relate them, with any confidence to 
conditions of a wheel on open water. 
Rollercraft Prototype (7) 
Kearsey constructed and tested a man-carrying prototype with 
three 1.83 m diameter rollers (Fig.2.13). This was claimed to perform 
as expected and was reported as having attained speeds of 4.6 m/s, (8) 
with an all up weight of about 720 kg (8) and an installed power of 
24 kW (9). While the test programme for the prototype was not complete 
at the time of his writing it can be noted that: 
l. 
2. 
3. 
4. 
5. 
l. This reported top speed would have been just above the 
transition zone of 2.62 - 3.35 m/s for this sized wheel. 
2. Apparently the expected speed was about 35 kts (17.6 m/s) 
for the expenditure of about 7.5 kW (9); 
Kearsey 1 s Thesis, Fig.45 6. Kearsey 1 s Thesis Fig.5l ff 
Kearsey 1 s Thesis, P.93 7. Kearsey 1 s Thesis, P.95 
Kearsey 1 s Thesis, P.43 8. Kearsey 1 s Thesis, P.l33 
Kearsey 1 s Thesis, Fig.35 & P.55 9. Kearsey 1 s Thesis, P.ll3 
Kearsey 1 s Thesis, P. 37 
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The speed achieved was a little less than half the speed 
expected of a jet boat of a similar power to weight ratio. 
(See Fig.l2.25). 
4. If the expected 35 knots could have been achieved, even 
with the full installed power of 24 kW, the Rollercraft 
would have been performing nearly twice as well as any 
water craft with similar power to weight ratios. This 
would have conclusively proved its worth as a water craft. 
Conclusion 
Kearsey's thesis was a useful model for this LPW project which 
in many ways was following the same course. Kearsey's use of "hydro-
foils" and his concept of self-forming blades were of interest in this 
project, and for this reason a small Rollercraft wheel was built and 
tested to provide a comparison with LPW data. The unusual results are 
described in section 11.4. 
Apparently'Kearsey's work has not been continued as no reports 
of it have been found over the last 9 years. 
2.3.3 Balloon Tyre Amphibians 
There are a number of small all terrain vehicles (ATV's) on the 
market which use balloon tyres for propulsion only, or for both 
buoyancy and propulsion. A recent one is shown in Fig.2.14 by Honda. 
These vehicles are primarily land vehicles and their water speeds are 
usually very limited, most often not achieving trough conditions for 
the deeply immersed wheels used. Nevertheless they clearly fulfill a 
function, providing a useful form of transport in rough country, and 
are really the only present practical application of wheels on water. 
(For these reasons a small treaded tyre was tested in this project's 
programme with results in section 11.6.) 
2.3.4 The Knapp Roller 1898 (1) 
This craft while in fact operating as a buoyant roller was an 
early attempt at gaining dynamic lift from a wheel on water. As such 
it provides an introduction to the next section, section 3.4. 
The Knapp roller shown in Fig.2.15 was launched on the St. 
Lawrence about 1898. The complete craft was a 38m long cylinder, 6 m 
in diameter, driven by .two 37 kW engines. It was intended that it 
1. Taggart, P.l90 
• 
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FIGURE 2·14: YAMAHA 125 BALLOON TYRED AMPHIBIOUS 
THREE WHEELER. (Auckland Star photos) 
li: 
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should travel perpendicularly to its axis on the water surface. Its 
theory of operation was a rather dubious Archimedes Principle turned 
through 90 o • 
"If you cannot displace more water with a body than its weight, 
how can my boat possibly displace any water when it meets resistance 
greater than its weight, taken broadside to get the greatest possible 
resistance? It is this resistance which brings it to the surface." 
Needless to say this early attempt to achieve dynamic lift with 
a rolling cylinder was unsuccessful but nevertheless the belief that a 
rolling cylinder will lift and skim the water surface is regularly 
revived. 
2.4 WHEELS GAINING SUPPORT FROM DYNAMIC FORCES 
This idea has suffered some wild claims but also has achieved 
some unexpected successes. 
2.4.1 The Hydroler 1948 
In the Hydroler concept, Fig.2.16, cylindrical rotating rollers 
were to be used only at high speed to both reduce drag and provide lift. 
The report was presented by Lombardini & Fidderman in the 7th Interna-
tional Congress of Applied Mechanics (1948) and. is a surprisingly con-
fused paper for a respected body. 
The operation was described. 
"The floats or hull provide buoyancy at zero speed and the 
necessary lift at forward speeds up to approximately 50 mph. Above 
this speed rotation of the rollers reduces water drag through centrifu-
gal force and zero relative velocity between the water and the roller 
face. At the same time since lift varies in relation to the square of 
the forward velocity, the rollers' mean draught is so reduced as to 
allow the floats or hull planing bottom to be raised clear of contact 
with the water." (1) 
The report records the results of two tests conducted at NPL (2) 
and these seem to contradict some of the claims of the authors, who go to 
1. Lombardini & Fidderman, P.534 
2. Lombardini & Fidderman, P.536 and Fig.ll 
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FIGURE 2.15: THE KNAPP ROLLER BOAT. SCALE CAN BE DETERMINED 
FROM THE MEN AT THE LEFT CENTRE. (REF. TAGGART 
FIG. 6. 7.) 
FIGURE 2.16: THE HYDROLER AT HIGH SPEED, LIFTED ON 'I'O ITS 
ROLLERS. 
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some lengths to point out that the range of the tests was outside the 
range where the hydroler concept would work. 
Tests conducted in this project (section 11.3) on a rotating 
cylinder clearly indicate that the idea would not work at low speeds, 
though a small possibility remains that the claimed lift forces may 
exist at high speeds. 
Once again, no further reports of the concept have surfaced 
since 1948. 
2.4.2 Bouncing Bombs (1) 
The performance of the cylindrical British bouncing bombs of the 
Second World War certainly seems to support the notion that lift can be 
gained from a cylindrical surface coming into contact with the water 
at high horizontal speeds. Although these bombs rotated in the opposite 
sense to the Hydroler cylinders, (2) a number of other recochetting 
bombs were developed and tried, which had rotation in the forward direct-
ion. A non-spinning spherical version called "Baseball" simply richo-
chetted along the water surface but it was never used operationally. (3) 
A German development of the bouncing bomb was called the 
" ... 'prism bomb' in which naturally-occurring forward rotation would 
bring a succession of smooth curved facets down to meet the water 
surface. Scale models of these bombs were compared with [the British 
bombs] and the 'prism bomb' was shown to be superior in range and number 
of ricochets, but the idea was never used in a full-sized weapon." (4) 
Such evidence strongly suggests that rotating cylinders might 
be made to provide lift at high speeds if impacts on the water. are 
involved, and the 'prism bomb' concept indicates the likelihood that 
unpoweredLPW's could provide lift as the free-wheeling rotors of a 
two-wheel drive, four-wheeled vehicle. 
2.4.3 The Soviet Cylinder Vehicle 1967 
Hovercraft and Hydrofoil in July 1967 reported a cylinder vehicle 
which was supposed to operate in a manner somewhat similar to that of 
the Hydroler. (Fig.2.17.) The developer, Victor Podorvanov, was report-
ed as having conducted tests on partly submerged revolving cylinders to 
1. Hutchings, New Scientist March 2, 1978 3. Hutchings, P.564 
2. Hutchings, P.565 4. Hutchings, P.565 
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determine optimal conditions of lift. The article states " ... the 
cylindrical wheels not only do not create a bow wave .. [but] by 
sucking water beneath the hull, they create both additional thrust 
and vertical lift. He found, moreover, that this vertical lift 
eventually becomes sufficient to lift the hull completely clear of 
the water ... " 
2.4.4 
The article indicated that speed trials were being conducted 
and speeds upwards of 135 kph were expected. Descriptions of the 
craft's high speed motion are striking in their resemblance to the 
model LPW craft motion at speed (see Chapter 12), and it is wondered 
whether the report is a garbled description of Russian priority with 
the LPW craft. 
It is difficult to know how seriously to take such an article 
which is based on a Soviet News agency report. Since, however, no 
further reports of the vehicle have been found since 1967 its success 
is doubtful. 
2.4.4 The Spinning Wheel 1957 (1) 
One of the closest approaches to LPW operation actually tried, 
was what was called the Spinning Wheel, Fig.2.18. It was reported in 
a book by Taggart in 1969. Private communication with Taggart indicates 
that the information came from a little known Reed Research Report 1288, 
of 15th July, 1957, which he wrote. The idea originated during World 
War II when one solution proposed to the problem of getting a line from 
a landing-craft to the shore was to use the Spinning Wheel. It would 
house a reel of wire and it would be projected, spinning, from the craft 
to run across the surface of the water and up the beach, unreeling the 
wire as it travelled. The wheel and line were then to become entangled 
in the undergrowth so the vessel could be winched ashore. The idea was 
taken seriously and tests were begun at the David Taylor Model Basin. 
However these were soon curtailed by wartime priorities and it wasn't 
until 1957 that the Hydraulic Lab. of the Newport News Shipbuilding and 
Drydock Co. began experiments again, with the intention of developing 
the Spinning Wheel as a high speed propulsion device. 
Their experiments evolved the toothed wheel shown in Fig.2.18 
which was about 130 mm diameter, 25 mm wide and weighed about 1.6 kg. 
1. Taggart, P.l96 
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·SCALE: 1:1 
FIGURE 2·18: THE SOLID STEEL SPINNING WHEEL. 
(Ref: Taggart, private communication) 
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Its blade angle (as defined in this project) was about 45° and it had 
24 blades. It was spun up to 140 rps and ejected along the water 
surface at 8 m/s. It retained this speed for the 17 m length of the 
towing tank, with its periphery barely penetrating the surface of the 
water, and struck the far end with a force which indicated that it 
could continue for at least twice that distance. Correspondence with 
the Newport News Shipbuilding and Drydock Company suggests that no 
further work was done on this idea. 
Taggart discussed the possible application of the Spinning Wheel 
to water vehicles, and describes what is essentially LPW operation 
over water: 
"These vehicles could be provided with high speed machinery 
driving the wheels ..... starting from a dead start and eventually 
lifting the vehicle clear of the water." 
Neither Taggart nor the author know of anyone who has taken up 
this suggestion. 
2.5 DYNAMIC WATER SURFACE LIFT IN NATURE 
In the light of Lord Kelvin's assertion relating to a horse 
walking across the surface of the water (section 1.1) one is inclined 
to believe, with Rosen, that: " ... there is no horse on earth who could 
could expend energy at a fast enough rate to maintain himself on the 
surface of the water by stamping his feet." (1) 
There are, however, creatures that do manage this for short 
bursts. Small ducklings, if panicked come very close to, if not succeed 
in actually running on the water surface with their large webbed feet 
(Fig.2.19). Many water birds, notably shags which are relatively heavy, 
assist their flight take-off by, at first, a series of jumps, then by 
running with their webbed feet in a similar way to ducklings. 
The author has observed at least one variety of long slim fish 
which, to escape danger, leaps out of the water and with its body 
sloped upwards at about 45°, zips along the water surface virtually 
standing on its tail which is rapidly oscillated from side to side. 
1. Private communication with Rosen of Newport News Shipbuilding 
Company: extract from his reason as to why the LPW concept would 
not work. 
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FIGURE 2.19: DUCKLINGS, AND IN WALT DISNEY'S VIEW, DUCKS ALSO 
CAN RUN ON THE WATER SURFACE. 
FIGURE 2.20: THE 0.8 m LIZARD, BASILISCUS BASILISCUS, USES THIS 
ABILITY TO ESCAPE PREDATORS OR CAPTURE PREY. 
(National Geographic Photographs.) 
MOTION 
FIGURE 2.21: SWAN GREBE COURTSHIP BEHAVIOUR INVOLVES RUNNING 
ON THE WATER SURFACE. 
(Photograph from television screen during 'ANIMAL 
OLYMPIANS' . ) 
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There is a species of lizard in Central America officially 
named the Jesus Christ Lizard. (1) This reptile shown in Fig.2.20 
can dart from land with its body erect, and use its hind feet for 
lift and propulsion for a dash of up to 10 meters along the water 
surface. It does not have webbed feet and from the pictures it is 
apparent that it gets some dynamic support from its long tail trail-
ing in the water. It is also capable of struggling out on to the 
water surface from a swimming attitude to make a short run before 
sinking back and swimming again. (2) 
Finally the Swan Grebe of Western America culminates its court-
ship display with both birds running erect for 10 or 15 m on the water 
surface as shown in Fig.2.21. Their wings are outstretched behind the 
birds and are not flapping so they are not used for lift or propulsion, 
and it is unlikely that much dynamic support is afforded by their 
short tails. (2) 
From these examples it is clear that the LPW principle can be 
operated with the power to weight ratios available in the small animal 
range. 
It should be mentioned that there are a large number of insects 
which gain support on the water surface from the surface tension. 
However this principle only works on a scale where surface tension 
forces become significant, and since it does not employ dynamic forces, 
does not come under the LPW concept. 
2.6 AMPHIBIOUS VEHICLES 
If the LPW was to be used on small amphibious vehicles they 
would have to take their place among the amphibious vehicles already 
in use. For this reason information on two of the more recent and 
well known are included here with some comments about amphibious 
performance. 
The military are likely to have the more advanced and reliable 
of these vehicles and a brief survey of them was conducted. 
1. Hughes, National Geographic Magazine, Jan. 1983, P.SO 
2. "Animal Olympians "Television programme, BCNZ, November,l980 
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CREW: 
WEIGHT: 
PAYLOAD: 
SIZE: 
SPEED: 
RANGE: 
ENGINE: 
FIGURE 2.22: THE LVTP-7 AMPHIBIOUS VEHICLE. 
TABLE 2.23: SPECIFICATIONS FOR THE U.S. 
NAVY AMPHIBIOUS VEHICLE 
LVTP-7. 
3 plus 25 infantrymen 
22.9 tonne (loaded 
4.5 tonne 
HEIGHT 3.12 m, LENGTH 7.94 m, WIDTH 3.2 m 
LAND 46 kph, WATER 13.5 kph 
LAND, 480 km, WATER 90 km 
406 bhp, 6.9 litres. 
2.6.2 
61. 2.6.2 
There are two main types 
(i) Light tracked vehicles. 
(ii) Wheeled vehicles. 
Propulsion takes three forms: 
( i) Hydro jet propulsion, of either vehicle type. Water 
speed is about 10 kph (2.8 m/s) for one hydrojet unit. 
(ii) Tracked vehicles, using tracks for propulsion. 
Speeds range from about 4.8 to 5.5 kph (1.3 to 1.5 m/s). 
(iii) Wheeled vehicles, using wheels as propulsion. The 
speed range in water is 3.9 to 5 kph (l to 1.4 m/s), 
with wheels of l m to 1.3 min diameter. 
It is worth noting that these speeds for the wheeled type of propulsion 
are about one third of trough speed for wheels of this size. 
2.6.1 LVTP7 (l) 
This is a U.S. military tracked amphibious personnel carrier 
(Fig.2.22). Its specifications are given in Table 2.23. A contract 
for 942 of these vehicles was awarded in 1970 after five years of 
extensive testing of 15 prototypes. Delivery of the first 35 vehicles 
was made in 1972, and they are still in operation at present, though 
modifications have been regularly taking place in their design. 
Note that the maximum water speed is 13.5 kph with the use of 
two hydrojets, when the vehicle is operating as an ungainly displacement 
craft. It is, therefore, a little better in its water capability than 
the fairly large range of amphibious vehicles of this type. 
2.6.2 LVHX-1 (2) 
This is an experimental, turbine-powered, hydrofoil, amphibious, 
wheeled vehicle. It is shown in Fig.2.24 and its specifications are 
given in Table 2.25. It uses two propellers for propulsion, one for 
normal displacement operation, and another for foilborne operation. 
The foils retract for boating and land operations, but give the vehicle 
a high speed rough water capability of about 64 kph in waves of about 
l.5m. Control during foilborne operations is accomplished by a special 
autopilot system. 
l. Janes Weapon Systems 1979-1980, P.358 
2. Hovercraft and Hydrofoil, November 1964, and February 1965 
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FIGURE 2.24: THE U.S. NAVY EXPERIMENTAL 
AMPHIBIOUS HYDROFOIL CRAFT 
LVHX-1. 
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TABLE 2.25: SPECIFICATIONS FOR THE LVHX-1 
WEIGHT: 
PAYLOAD: 
SPEED: 
34 tonne approx. (loaded) 
4.5 tonne, approx. 
LAND: 
BOATING: 
65 kph 
12 kts 
I 
FLYING: 35 kts IN WAVES UP TO 1.5 m HIGH 
HULL CLEARANCE WHEN FLYING: 0.75 m 
RANGE: 25 nautical miles flying 
WHEELS: Individually inflatable, retractable 
ENGINE: 1000 shp Lycoming TF14 marine turbine 
2.7 
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This vehicle is clearly a very capable water craft but it contains 
high technology and a high installed power. There are a few similar 
vehicles in existence, but their functions seem to be limited to research 
and development and there is no indication that large numbers have ever 
been ordered. 
2.7 UFFA FOX'S PATENT 1919 
It seems that Uffa Fox quite independently came up with the 
following idea recorded in his book "Seamanlike Sense in Powercraft", 
written in 1969. (l) The vehicle is the closest approach the author 
has found to the LPW craft concept. Fig.2.26 shows the general 
arrangement with, details of the wheels, and the following extract 
conjures up his craft: 
" ... in 1919 I thought of propelling a boat like a motor-car, 
by wheels with paddles on the sides of the tyres for low-speed work, 
and by deep treads on the bottom which acted as small paddles as the 
boat lifted and ran over the top of the water. At a speed of 100 
miles and more an hour, water becomes hard enough to make this possible ... 
"A glance at the plan will show that here is the form of a motor-
car and a planing boat which will be able to run on sea as well as 
land. 
"The tyres are specially designed and moulded with rubber 
paddles on their sides in the shape of half the blade of an oar. 
These make the .... production of wheels that much more difficult 
and expensive. They are needed, however, to drive the vessel as 
paddle wheels at low speed, since it is not until she lifts out 
and the blades decrease their depth in the water that the deep 
crescent-shaped treads in the bottom of the tyres start to propel 
the vessel by themselves and once the boat is clear out of the 
water the only resistance is that of air and the wheels themselves. 
There is no reason why, under such conditions, the boat could not 
reach a speed of 100 miles an hour. 
"Here is a means of future travel over land or sea." 
1. Fox P.l95 
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Uffa Fox patented both the craft and the wheels in separate 
patents in 1964 (1) but there is no indication from him or elsewhere 
that his idea was ever tried. 
2.8 CONCLUSION 
In spite of the wide range of concepts and claims reviewed 
in this chapter it is clear that there is only a meagre amount of 
factual data which relates directly to the LPW concept. However, the 
little that does relate directly, such as that of the Spinning Wheel, 
supports the idea that the LPW should work as imagined. 
1. British Patent Numbers 1041401 and 1041402. 
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CHAPTER 3 
PREVIOUS RESEARCH AND AIMS FOR THIS PROJECT 
3.1 CLOSE APPROACHES TO THE LPW CONCEPT 
In 1957 Taggart, in writing the report describing the "Spinning 
Wheel" (covered in section 2.4.4) suggested that a similar wheel could 
be used to help both support and propel a vehicle on the water surface 
(1); and in 1959 Uffa Fox patented his boat-car combination vehicle 
(described in section 2.7) which he imagined would lift up and run on 
the water surface at ". . . a speed of 100 miles and more an hour ... " 
(2). Of all the ideas in the literature and outlined in Chapter 2 
these two are the closest to the LPW concept, but there is no evidence 
that either vehicle was actually tried in practice. Nevertheless, the 
fact that the Spinning Wheel worked at all was encouraging and indicated 
the probable success of the LPW. 
3.2 THE ORIGIN OF THE LPW CONCEPT 
The idea of the Lifting Paddlewheel occurred quite independently 
of these reports, to the author in 1974 while trying to design a new 
type of all-terrain-vehicle. This ATV was imagined to have large, 
spoked wheels without rims, and instead of these rims, it was to have 
a broad flat foot at the end of each spoke. Such a vehicle could 
possibly be driven so that it would step over obstacles such as fences. 
The vehicle was mentally put through its paces until it was envisaged 
approaching water, or a swamp at speed. At this point it became very 
difficult to foresee intuitively, whether it would plough in, or skip 
across the surface. This, then, became the fundamental question 
motivating the first experiments. Can a vehicle be made, as envisaged 
which would run across the surface of the water on its wheels? From 
this point interest in this new LPW concept overrode the original ATV 
idea. 
The puzzle was intriguing enough for a model spoked wheel with 
broad feet, to be made up in early 1976 (Fig.3.1) and it was tried out 
in the wash-house tubs. It was difficult to simulate the wheel 
approaching the water at speed, so the different, but related condition 
1. Taggart P.l98 
2. Fox P.l95 
("l'/ 'lj't't'I'I'JIIIIJ'' ''/''''/''' '(iTii'p·,,,/''''/'''il'i''l';·;,·i;·,,,J'';'I''''I'' ' 'J''''I''''I'''' I''Iil\ 
I nm-,..10 20 .lO .l 5U GO 70 '0 80 100 110 l.:'v I 0 II 15(.. I&'' 170 180 190 200 o?, 0Uf (3GTS%I) (1 I I 
j I .,, Ll olt G / ,.., f' ' • Ol 6 6 L 9 <; v t slaJla~!lua::> 
oi///io 1,,///t.l o///o.l II/I I "I i//1, I il/1.1 ,11/11, l,tllft, l,tl/h, I ,1/ /h.l 111/1, lo~/ /h , I ,lllf~o l.,lllh,Liil h, ,l,, ,/lli,,I,,,/J/i ,,l,,f /J/i,\ . 
0 
1280/27 
FIGURE 3.1: THE ORIGINAL LPW 
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FIGURE 3.2: THE PRELIMINARY EXPERIMENTS 1976 
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was examined: that of spinning the semi-immersed wheel without allowing 
any forward movement - the static condition, to see if lift forces were 
present. The wheel was mounted on a hinged balanced mount and driven 
by a hand drill through a speedometer cable. Fortunately the blade 
angles chosen were appropriate and the splashing wheel readily tilted 
the mount indicating appreciable lift forces. 
This provided enough incentive for a minor series of experiments 
to be conducted, using materials that were to hand, Fig.3.2. In 
essence the apparatus worked as demonstrated by Fig.3.3. Lift forces 
were measured using a spring letter balance, and thrust forces were 
measured by tilting the whole balance arm on its side. Although the 
equipment was primitive the results were sufficiently self consistent 
to instilla little confidence and gave a coherent picture of both 
forces increasing with depth of immersion and revolutions, for the two 
blade angles tried. 
3.3 THE TEMPLIN SCROLL PAPER 1976 
Periodically the Templin Scroll Competition is held at the 
Engineering School for the best student paper offered before a panel 
of judges. This provided a goal for the experimental findings to be 
written up as a paper entitled "Preliminary Investigations of the 
Lifting Paddlewheel" (1). This paper outlined the experiments, included 
the results shown in Fig.3.4, and speculated, somewhat freely on the 
possible capabilities of the LPW craft. It concluded in part 
(i) Lift forces have been shown to be present for 
the static case. 
(ii) Further tests are necessary to determine what 
happens to these forces when the LPW is moving 
over water. 
(iii) Tests also need to examine the power requirements 
of a moving wheel (2). 
As yet there was still no answer to the fundamental question. 
1. Alexander 1976 
2. Alexander 1976, P.27 
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FIGURE 3·3: SCHEMATIC OF THE PRELIMINARY EXPERIMENTAL 
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FIGURE 3 · 4: RESULTS OF THE PRELIMINARY EXPERIMENTS 1976. 
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3.4 THIRD YEAR PROJECT 1977 
In the final year of their undergraduate degree of Mechanical 
Engineering students undertake an individual project. Because of the 
case made in the earlier paper for further tests, the author was 
allowed to continue the LPW study for this project requirement. While 
the primary aim was to answer the fundamental question, just as it had 
been for the earlier study, the secondary aims followed on from the 
earlier study recommendations. These secondary aims were (l)1 
Aims: 
(1) To re-examine the 1976 static condition tests under 
more rigorous conditions. 
(2) To examine the lift and thrust forces when the LPW 
was moving over the water. 
(3) To begin to examine power requirements (if the forces 
still existed at speed) . 
(4) Possibly, to examine some of the effects of the many 
variables involved in LPW operation. 
Project Tasks: 
The project involved the following tasks: 
(1) The design of a force balance which could both power 
the LPW and measure its forces. 
(2) The collection and processing of data using this balance. 
(3) An examination of the literature available. 
(4) A formal report (2) and oral presentation. 
A separate but parallel effort was directed towards constructing 
a small model LPW vehicle powered by a model aircraft engine. 
The Force Balance: 
The force balance is shown in Fig.3.5 and a schematic of it is 
in Fig.3.6. It was robust, and the simultaneous measurement of lift 
and thrust forces was given priority over power measurements (3) . 
1. Alexander 1977, P.lO 
2. Alexander 1977 
3. Alexander 1977 P.24 
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FIGURE 3·5: THE 1977 FORCE BALANCE . 
element (thrust) 
motor 
resultant 
force 
rotation 
direction 
\ 
offset 
pivot 
thrust beam support 
flow direction V0 
cantilever sensing 
element (lift) 
s trni n gauges 
counterweight 
balance arm 
FIGURE 3 · 6 SCHEMATIC OF 1977 RIG SHOWING FORCES. 
/35A \eww 
FIGURE 3.7: THE 1977 FORCE BALANCE IN THE FLUIDS 
----··~LABORATORY FLOIHNG WATER TANK. THE FLOW SHOWN IS 
SHALLOW (O.l m) AND SUPERCRITICAL AT APPROXIMATELY 
2.5 m/s. THE LPW IS NOT IMM.ERSED; A PITOT TUBE IS 
BEING USED TO MEASURE FLOW VELOCITY. 
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Dashpots were necessary to damp out oscillations of the system. Power 
was measured indirectly by first calibrating the motor power output 
against voltage input, and then recording voltage input for each set 
of data (1). This gave large uncertainties, but indicated the power 
requirements satisfactorily. 
The Testing Tank: (2) 
The facility available in the Engineering School Fluids 
Laboratory provided flowing water above which the force balance could 
be fixed (Fig.3.7). For reasons given in section 4.16 this was not 
an altogether satisfactory arrangement, but this was not fully 
appreciated at the time. 
Data Processing: (3) 
Force measurements were made with strain gauges and the output 
was recorded on a multichannel Ultra Violet Recorder. While force 
balance vibration gave a very noisy trace, this could readily be 
averaged by eye. With the large number of variables involved, and 
the fairly extensive programme of testing required to cover a sample 
range of these variables, the processing of this form of data became 
a task of considerable magnitude. This data was eventually presented 
in the form of the force-rps plots as shown in Fig.l.6, section 1.4.1. 
This was found to be a format which could readily be related to the 
physical situation. 
Findings: 
The main findings of the project (which concerned only a flat-
bladed LPW) were as follows 
(1) The results of the earlier 1976 tests for the static 
condition were confirmed. 
(2) Lift and thrust forces certainly still existed for the 
moving water case, but they were not as large as for 
the static case, and seemed to vary in a rather confusing 
way with speed of advance. 
1. Alexander 1977 P.27 
2. Alexander 1977 P.l9 
3. Alexander 1977 P.32 
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(3) 
3.5 
The somewhat crude measurements of power indicated that 
a fairly large power would be required for the LPW craft, 
and propulsive efficiency was generally disappointingly 
low. (About 30% in operating conditions). (1) 
(4) The large number of variables involved meant that manual 
data handling methods were not really adequate to cope 
with these sorts of tests. 
(5) Some understanding of the effects of the variables was 
gained, though the relationships between them was not 
altogether clear. 
(6) Theory developed simply followed from dimensional analysis 
and was tied in to paddlewheel theory by the use of the 
same propulsive coefficient as used by Beardsley, and a 
lift coefficient of just the same form as his propulsive 
coefficient. Attempts at analytic models of the data 
proved forbiddingly complex. (2) 
(7) An interesting result was that the blade angle seemed 
to be a strong controlling factor in the balance between 
the lift and thrust forces. (3) 
(8) Some observations were made of the different wake patterns, 
and the concepts of the displacement mode and the planing 
mode were conceived. (4) 
(9) The literature survey produced information on the Spinning 
Wheel, which helped support the results. 
As a result of these findings and the Spinning Wheel report, it 
seemed clear that the answer to the fundamental question was: Yes, a 
lifting paddlewheel vehicle could be made to run across the surface 
of the water. (5) 
Errata: 
The design of the 1977 force balance was, unfortunately, at 
fault, so that for the following two reasons the thrust force readings 
were erroneous (see Fig.3.6). 
1. Alexander 1977, P.61 
2. Alexander 1977 P.l3 
3. Alexander 1977 P.56 
4. Alexander 1977 P.48 
5. Alexander 1977 P.64 
\ 
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FIGURE 3.8: THE MODEL LPW CRAFT IN MID-1977 FITTED WITH 
SIX-BLADED, ¢ = 45° LPW's. NOTE THE 2 AND 
3-BLADED LPW's ALSO TRIED AT THAT TIME 
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(i) It was assumed that the lift force would act vertically 
through the LPW shaft. In fact this is rarely the case and conse-
quently some of the lift component of force was normally added to the 
thrust measurement. 
(ii) The fact that the shaft torque would be transmitted into 
the thrust measurement was not appreciated. Both these errors were 
caused by the use of a single pivot beam for thrust measurement. As 
well as this basic design fault the fact that propulsive efficiency, 
n cannot be greater than the velocity ratio, was not noted so that when 
plots of efficiency against velocity ratio were produced from the 
erroneously inflated thrust results, the errors were not noticed. 
In spite of these rather basic mistakes, the lift force 
measurements were unaffected, and the conclusions drawn in the report 
that ... "the wheel will run on the water surface and carry a load at 
speed." (1) remained a valid answer to the fundamental question. 
3.5 THE FIRST PROTOTYPE MODEL LPW VEHICLE 
One way of answering the fundamental question rather dramatically 
would have been to have constructed a prototype, or model prototype, 
LPW vehicle and have it work. This was tried during 1977 and repeated 
attempts gradually developed the craft through a series of disappoint-
ing failures. By the end of the 1977 project time no success had been 
achieved (2). The form of the model at that stage is shown in Fig.3.8. 
However, it was realised that the gear ratio was too high for 
the model motor used, so this was reduced considerably, and the model 
was tried again with barely enough success to convince a believer that 
it would work. 
The centre of gravity was then shifted well forward to balance 
the torque reaction and stop the craft from rearing and diving, and 
LPW's with blade angles of 60° were finally fitted. These tended to 
provide positive rather than the negative thrust given by the earlier 
45° LPW's, at the launch speeds being used. 
1. Alexander 1977 Section 12.2, P.67 
2. Alexander 1977 Appendix 1 
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Eventually satisfactory runs o~ 20 m or so were achieved before 
the overtaxed motor stalled. In order to prove that the LPW's were 
providing the support, the buoyancy was removed and the short, unstable 
runs of about 10 m before the craft sank, were sufficiently convincing 
to confirm the testing tank results a~d allow the tattered craft to be 
retired. Its final form with the motor placed well forward, the large 
gear reduction, the muffler, and the improved LPW's is shown in Fig.3.9. 
(This model is further discussed in section 12.2 and its final 
specifications are given in Table 12.1.) 
3.6 AIMS FOR THIS PROJECT 
With this limited success in 1977 showing that the LPW concept 
worked, the author felt encouraged to continue with a new project to 
try to establish some fundamental ideas of how the LPW worked and to 
determine whether its performance could be improved sufficiently to 
make an economical craft. 
The aims of this new project were divided into primary, secondary 
and tertiary levels. The primary aim set out to answer one fundamental 
question basic to the LPW concept. The other levels were to provide 
the framework within which this could be answered. 
At the beginning of the author's work on the LPW, the primary 
aim was to answer the fundamental question: 
Can a craft be made, as envisaged, which would run across the 
surface of the water on its wheels? 
Since then, the earlier investigations, outlined above in 
sections 3.3 to 3.5, have answered this fundamental question with a 
simple: Yes. This then lead to the primary aim for this project which 
posed a new fundamental question as follows 
Primary Aim: 
To answer the new fundamental question: How well can a Lifting 
Paddlewheel craft be made to run across the surface of the water on 
its wheels? (See Fig.3.10.) 
1 280/25 
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F IGURE 3.9: THE FINAL LAYOUT OF THE FIRST MODEL LPW CRAFT IN 
1978. (WHEELS No.2 IN TABLE 12.22 ) 
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This was immediately a much more difficult question to tackle 
and a full answer will not be available until such a craft has been 
built and operated on a competitive basis. Nonetheless, this new 
fundamental question set the direction of the project. Information 
produced to answer such a question inevitably helped answer many other 
questions as well, such as: How does the LPW work? How well would it 
propel a hovercraft? How efficient is it as a propulsive device? 
And so on. 
The secondary aims were in three parts and were intended to 
provide a framework of information from which the primary aim question 
could in part, be answered. 
Secondary Aims: 
(1) To establish theoretical models that indicated the 
possible capabilities of and limits to the LPW performance. Such 
models helped answer the question: "How does the LPW work?" 
(2) To establish an adequately broad and clear data base of 
LPW, and LPW craft performance that would make it clear how well the 
theory was applicable to the real situation. 
(3) To use this data base to consolidate the theoretical 
models. 
It can be seen from Fig.3.10 that these secondary aims formed 
the sort of iterative loop expected in research of a developmental 
nature. 
The tertiary level aims were concerned with the mechanics of 
fulfilling the secondary level aims, and constituted the groundwork 
of day to day research. In order to establish the data base for (2) 
above and the means for (3) above these aims were divided into parts 
A and B. Part C involved supporting work with the model LPW craft. 
Tertiary Aims: 
(A) In order to establish a data base, this part of the Tertiary 
aims was: 
84. 3.6 
fSTART WITH IDEAl 
PREVIOUS WORK t 
DOES THE LPW WORK AS IMAGINED?! 
mm 
I 
' HOW WELL CAN A LIFTING PADDLEWHEEL 
PRII1ARY AIM VEHICLE BE l1ADE TO RUN OVER WATER? 
~Yes~ 7 ? 
Yes HOW DOEsQ) 
THE LPW 
DO WORK? 
HEORETICAL 
AND MEASURED No 
SULTS COMPARE 
LL ENOUGH 
? SECONDARY ARE 
AIMS THERE No SECONDARY AIMS ·LOOP COMPARE Q) 
""" 
SUITABLE 
HYPOTHESE THEORETICAL HYPOTHESES 
WITH MEASURED RESULTS ? 
s Yes 
THERE 
ACCESS (I). Yes UFFICIENT 
~~ DATA STORE ARISON ? '-------· 
No 
.~ASSEMBLE EQUIP~ 
I-I MENT INSTRUHENTATION FORM NEW @ 
& DATA LOGGING FACI- I 
I HYPOTHESES OF 
LITIES I LPW OPERATION t 
I~PERFQRM TANK- I I 
TESTS, TAKE PHOTO- I 
GRAPHS I TERTIARY AIMS 
--.. I 
(RE) PROCESS & PRESENT I 
•1 
I(A3) DATA ..-•- - - - -- - - - - . I I 
I 
' • 
I 
I PERFORM MODEL MAKE OR (2) 
1 
LPW CRAFT TESTS ADAPT MODEL ~ 
AT THE LAKE (c2) LPW CRAFT 
K 
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(l) To obtain and/or construct the necessary equipment, 
instrumentation and data logging facilities. 
(2) To acquire the data with ~hese facilities. 
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(3) To establish the methods and software to process and 
present data in useful forms. 
(B) In order to establish how the LPW works, this second part of 
the Tertiary aims was: 
To develop appropriate hypothesis and computer-based models for 
comparison with the data, to elucidate the mechanism of LPW operation. 
(C) To make and test a model LPW craft to assist in answering the 
fundamental question. 
3.6.1 The Research Programme in Relation to These Aims 
The search for an analytical description of how the LPW works 
in the 1977 work (1) was unsuccessful in its attempt to provide a good 
theoretical description of LPW behaviour. However, neither was it 
able to establish any compelling reasons why the LPW could not be 
applicable to a useful amphibious vehicle. For a start then, the first 
aspect of the secondary aims for this project concerning the theoretical 
models (part (l)) was held in abeyance until further information was 
to hand. 
The next part of the secondary aims (part (2)) related to the 
establishment of the data base, and the tertiary aims, part (A) 
itemised the steps to be taken to acquire this data. There were three 
main sources of data, and over the course of the project, the work was 
carried out in fulfilment of the tertiary aims as follows 
(i) The first year concentrated on the development and testing 
of a new force balance to measure the LPW forces in water, instrumenta-
tion of it and development of data-logging facilities, as well as 
finding a suitable testing tank. Three different tanks were tried. 
The force balance had to be remodelled during the second year because 
of the design faults mentioned in section 3.4 above, but finally 
a large part of the second and third years was spent collecting and 
processing data from it. 
l. Alexander 1977 Section 6.2, P.l6 
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(ii) Stroboscopic, photographic techniques were developed during 
the second year for observing LPW flow in detail, and throughout 
the project photographic and video-taped records became a useful 
part of the data. 
(iii) Over the second year the Mkii model, prototype, radio-controlled 
LPW craft was developed, and tests with this till the end of the 
project continued to provide useful data. 
The other part of the secondary aims (part (3)) was concerned 
with answering the question "How does the LPW work?", and the tertiary 
aims part (B) spelled out the work as developing hypotheses and com-
puter based models which could assist in answering this question. In 
the project most of this sort of work took place during the third and 
fourth years. By then a reasonable data base had been assembled, and 
so some computer models were developed which attempted to reproduce 
the plots that had been made of the measured data. These models, 
using theoretical considerations alone readily tested a number of 
hypotheses and eventually identified some realistic analytical des-
criptions of LPW operation. 
These analytical descriptions then helped fulfil the theoretical 
area of the secondary aims which was originally left in abeyance. 
Finally, using these theoretical models, design predictions could be 
made and tested with the model LPW craft. This allowed a full-sized 
craft predicted performance capability to be made as a tentative 
answer to the fundamental question. 
3.6.2 Conclusion 
From this outline it can be seen that the project traversed the 
secondary aims loop in Fig.3.10 and thereby came one step closer to 
answering the fundamental question: How well can the Lifting Paddle-
wheel Craft be made to run across the surface of the water on its 
wheels? 
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CHAPTER 4 
THEORIES OF LIFTING PADDLEWHEEL OPERATION 
4.1 INTRODUCTION 
This chapter describes work in two areas. First in Part A it 
examines analytical descriptions of how the LPW forces are developed. 
Second, in Part B it is concerned with identifying the most appro-
priate hypotheses to describe the physical environment around the 
LPW- wakeregimes, testing the LPW in flowing water, and so~on. 
Part A, in dealing with the hypotheses and theories developed 
to describe the high speed operating performance of the LPW, has 
discarded a number of theoretical models during the course of the 
project. Some of these have been based on the work of other authors. 
The most appropriate analyses have been incorporated into the new 
theoretical model developed here, the Impulse Theory. This theory 
at present most closely describes the real high speed situation as 
outlined in the results in Chapter 9. Some time is spent examining 
implications of this theory in terms of LPW propulsive efficiency 
and power consumption. (This part of the chapter fulfils part l 
of the Secondary Aims Loop of Fig.3.10.) 
Part B of the chapter contains items not directly related to 
the generation of LPW forces though defining the limits to the 
physical situation within which the Impulse Theory applies. It also 
examines the testing of LPW's in flowing water. 
PART A 
4.2 DIMENSIONAL ANALYSIS 
A dimensional analysis carried out for the usual primaries 
(excluding surface tension) gives the following four recognised 
dimensionless groups: 
Reynolds Number Re 
pVD 
]J 
Froude Number Fr 
V2 
--g D 
Force Coefficient F cf p V2D2 
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Power Coefficient 
where: p 
v 
D 
11 
g 
F 
p 
F.V 
p 
density of water 
general velocity 
characteristic dimension 
viscosity 
gravitational acceleration 
force 
power. 
4.2.1 
In order to retain geometric similarity in flow and LPW blade 
configurations the following dimensionless groups also need to be 
satisfied!-
Immersion Ratio d = D 
Span Ratio s -
D 
Chord Ratio c -
D 
vo 
Velocity Ratio 
Vt 
A further dimensionless group (which is not necessary for geometric 
similarity if the velocity ratio is constant) is the Rotational 
Speed Ratio. This is a Froude Number form for the wheel revolutions 
and is sometimes useful: 
nD 
Rotational Speed Ratio ;gD 
where: d immersion depth 
s blade span 
c blade chord 
v speed of advance 
0 
vt blade tip speed relative to wheel axis 
n wheel rps. 
For paddlewheel experiments Volpich and Bridges (l) suggest 
that it is unlikely that Reynolds Number has any significance, anq .since 
its effects are in favour of increase in scale it will be neglected 
from further consideration here. 
l. Volpich & Bridges Pt I, P.333 
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The other three recognised groups need to be adapted to the 
LPW situation, and this involves choosing from the three possible 
velocities which one may be used. These three are V
0
, Vt and the 
velocity difference, (vt - V0 ). 
For similarity of wave formation the Froude Number necessarily 
involves the velocity V , which is the speed of the LPW relative to 
0 
the water, so that the Froude Number then becomes 
F 
r 
v 
0 
;gD where D wheel diameter. 
If the speed of advance V and the propulsive thrust force T 
0 
are used in the power coefficient, it becomes useful as the propulsive 
efficiency: 
n 
TV 
0 
P. 
l 
where n 
T 
propulsive efficiency 
thrust force 
P. power input to LPW. 
l 
4.2.1 Force Coefficients Relating to Ship Propeller Theory 
The force coefficients for the LPW as derived from dimensional 
analysis present a dilemma with regard to the best choice of velocity. 
It would seem that the velocity difference (vt - V
0
) should be used 
as being most closely related to the momentum change and hence the 
force generation. However, Beardsley has chosen to use Vt since this 
relates the coefficient to ship propeller coefficients (where Vt 
represents the blade tip velocity perpendicular to the direction of 
advance). For this reason, and since it is easier to apply, Vt is 
chosen for use in this force coefficient relation. 
Now Vt may be expressed as Vt = nTID which can be truncated to 
nD for the purposes of coefficient development. Beardsley expresses 
the standard thrust coefficient for ship propellers in the form: 
T (4 .1) 
and notes that since both paddlewheel theory and experiment show that 
thrust increases directly with span, this form may be normalised to 
include the blade span ratio, so that: 
T 
X 
D 
s 
90. 
This results in the form of the thrust coefficient used by 
Beardsley: 
T 
4.3.1 
(4.2) 
Should such a coefficient form be shown to be useful it would be con-
venient to define the lift force coefficient in the same way: 
L (4.3) 
where L lift force. 
If LPW operation were analogous to ship propeller operation then 
these would be the relevant coefficient equations to use. Beardsley (1) 
has noted however that these equations are based on Bernoulli's. equation 
and therefore require steady flow conditions. The paddlewheel is not 
strictly a steady flow device so for this reason Beardsley derived a 
different set of relations, more relevant to paddlewheels, based on 
the change of momentum of discrete increments of water 
4.3 A FIRST ORDER MOMENTUM THEORY OF LPW OPERATION 
This section outlines a momentum approach to the problem of how 
the LPW generates its lift and thrust forces. It is restricted to the 
high speed planing condition of the LPW only, as this would be the 
normal operating condition. It relies heavily upon Beardsley's analysis 
for the SIP concept (1) but here is adapted to the LPW situation. 
In developing the theoretical model for the thrust forces on 
his paddlewheel blades operating at speed Beardsley notes: "the 
negative pressure on their rear (upstream) face cannot be fully developed 
because of ventilation at the water-air interface. Thus the water 
stream flow is interrupted and does not maintain the continuity required 
for the classical equation ... for a propeller in an open stream." (1) 
This is: 
T p AP[vj : V0 ] (v. - v ) 
J 0 
(4.4) 
where p = fluid density 
A = swept area of propeller disc p 
1. Beardsley, P.l2 
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v. 
J 
discharge velocity downstream at 
free stream pressure 
V free stream fluid velocity. 
0 
4.3.1 
For the equation in this form the mass flow of the actuated stream 
tube is represented by the terms 
This form therefore cannot be used for high speed paddlewheel 
analysis and a more representative analysis results when the thrust is 
considered to be produced by the increase in momentum imparted to a 
differently derived entrained water mass, by a series of impulses 
generated by the actuation of discrete increments of water encountered 
by the blades. Since these increments are small, and are actuated at 
high frequency it is assumed that they merge into a discharge flow of 
reasonably uniform velocity. (1) 
Such reasoning is equally relevant to the LPW situation and an 
actuator model shown in Fig.4~1 is therefore used for the development 
of the analysis. In this figure the immersed part of the LPW is 
represented by an actuator rectangle through which the entrained water 
passes and where it is given discrete impulses downwards and rearwards 
as shown. Several assumptions are made: 
(i) No water is present below the entering layer that would 
interfere with its downward exit. 
(ii) Gravity effects are ignored: no waves are formed. 
(iii)Viscosity is neglected. 
4.3.1 Thrust Force Equations 
In Fig.4.1 the (horizontal) thrust force may be represented by 
the equation: 
where m 
T 
mass per second acted upon by the rectangle 
horizontal velocity change given to the fluid. 
1. Beardsley, P.l2 
(4.5) 
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In the real case the horizontal discharge velocity is unlikely 
to be as great as the velocity of the blade tip but if it is assumed 
to be this great, then: 
v 
0 
(4. 6) 
Similarly, not all the incoming (or entrained) mass will be 
acted upon by a real LPW but if it is, then: 
. 
M 
. 
where M 
p 
d 
s 
v 
0 
p d s v 
0 
entrained mass flow rate 
fluid density 
immersion depth 
= blade or rectangle span 
speed of advance 
( 4. 7) 
(Note that this expression for the mass is less than that in the classi-
cal equation (4.4) for a propeller.) 
Now the thrust equation (4.5) may be rewritten as: 
T p d s v (vt - v ) 
0 0 
and Beardsley (1) further rearranges it to emphasise the role of 
velocity ratios: 
T 
(4. 8) 
(4. 9) 
and to derive a new expression for the thrust coefficient with span 
equal to diameter: 
(4 .10) 
v 
0 Note that in equation (4.9) the thrust is zero for 
Vo Vo 
= 1 and 
Vt 
for- = 0, and while this is reasonable for-= 1 
Vt Vt since there has 
been no change in stream velocity (vt- V
0 
= o), it is unreasonable as 
a slow speed model of the real case when V0 + 0, since there has been 
found to be considerable thrust when V = 0. This serves to emphasise 
0 
1. Beardsley, P.l3 
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Beardsley's point that the equations (4.8), (4.9) and (4.10) only 
apply to the high speed case, (planing conditions) and further 
equations should be developed to account for the mass supply by 
gravity-induced flow at low speeds and displacement conditions. 
4.3.2 Lift Force Equations 
4.3.2 
Applying this same approach for the development of the lift 
force equations is not as straightforward, but using again Fig.4.1 
the (vertical) lift force may be represented by the equation 
L 
where L 
m 
D.v 
v 
m D. V 
v 
lift force 
mass per second acted upon by the rectangle 
the vertical velocity change given to the water. 
(4.11) 
In the thrust force section above the blade tip speed, Vt, was taken 
as the final horizontal exit velocity of the water. For the lift force 
situation, the maximum vertical component of the blade tip speed occurs 
both at entry and exit of the blade. These velocity components are 
equal and opposite in sign and of magnitude ± Vt sin 8 as shown in 
Fig.4.2. At this point the assumption needs to be made that only the 
blade entering the water need be considered so that the vertical 
velocity change may be expressed as: 
(4.12) 
Substituting the expression (4.7) for the total entrained mass flow 
rate into (4.11), with the vertical velocity expression (4.12) gives 
a lift force relation analogous to the thrust force expression (4.8). 
L 
v 
p d s (~) 2 sin 8 
vt vt (4.13) 
A new form for the lift coefficient with span equal to diameter 
would then be 
(4 .14) 
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In summary then, these two expressions (4.10) and (4.14) for 
thrust and lift for the LPW differ from the expressions (4.2) and 
(4.3) derived from the classical propeller equations since they take 
into account the fact that steady flow is not involved. They assume, 
however, that all the entrained water mass leaves the LPW at the 
maximum horizontal and vertical velocities reached by the blade tips. 
Later sections examine these assumptions more closely in order to 
refine the theory. 
4.4 FLAT PLATE DRAG AND THE FORCES ON LPW BLADES 
It would be expected that any consideration of the theory of 
paddlewheels should model the blade forces in terms of the drag on 
fully immersed two dimensional flat plates. 
Volpich and Bridges with the assistance of McNab (1) carried out 
such a geometric study of the passage of the feathering paddlewheel 
blade through the water. From the resulting vector flow velocities 
they calculated blade forces using lift and drag data for flat plates. 
Although they did not expect reliable results they found close agree-
ment between calculated values and experimental data for some regions 
of their curves. This was especially true for forces and efficiencies 
calculated in the displacement mode, clear of the transition zone and 
for high velocity ratios (V0 /Vt > 0.75). Their results are shown in 
Figs. 4.3 and 4.4. Their calculations for radial blade forces in 
Fig.4.4 did not give particularly good agreement though they claimed 
the discrepancies were probably because of improper extrapolation 
from their experimental data. (2) 
It appears that Volpich and Bridges' success was at least partly 
because their blade velocities were appreciably lower than the expected 
wave velocities and gravity-induced flow velocities in the test situa-
tion. Under such conditions the paddlewheel blades would be operating 
near the fully immersed state for which the flat plate data were 
applicable. 
Similar calculations for the LPW blades may also give results 
which are in fair agreement with experiment at high velocity ratios 
1. Volpich and Bridges, Part II P.491. Also this project section 2.2.3. 
2. Volpich and Bridges, Part II P.502. 
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but only in the displacement mode. Such theory, however, has severe 
limitations when it is applied at the expected high speed operating 
conditions of the LPW. After the data collection stage of this 
project considerable effort was spent on a computer programme which 
attempted to model the high speed data in terms of the flat plate 
lift and drag forces. (See section 9.3.) The calculations followed 
procedures similar to those used by Volpich and Bridges, but the 
results seemed satisfactory only for some conditions of blade angle 
and never for both lift and thrust forces at once. They could only 
be made uniformly satisfactory by assuming that all the drag force 
occurred during the blade entry. Ultimately the constraints required 
to make the flat plate drag data applicable directed attention to 
the more promising impulse theory developed later. 
These constraints may be itemised: 
(1) Since the blades operate with the rear face denuded of 
water, flat plate data for fully immersed flat plates should not be 
used. Instead Rayleigh's formula for the front face pressure (1) 
seems more relevant. 
(2) Accelerations are large so that the flow is far from 
steady. Acceleration forces are of the same order of magnitude as 
drag forces. 
(3) The blades are rotating. 
(4) Operation is close to, or through the water surface. 
Such constraints effectively limited the application of this 
theory to the low speed displacement mode of operation, and since 
high speed LPW operation is of primary interest at this stage, further 
analysis concentrates on the more relevant theories, leaving this 
approach to any future analysis of the displacement mode. 
(Section 9.3 examines the experimental results in terms of 
the flat plate drag hypothesis for LPW blade forces.) 
4.5 INDUCED MASS AND SYMMETRICAL IMPACT ON A WATER SURFACE 
If a body fully immersed in a fluid is accelerated, its kinetic 
energy is increased. In addition the fluid which it displaces by its 
1. Barnaby, Paragraph 109 or Lamb Art.77 
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movement is given an increase in kinetic energy. The work done in 
accelerating the body is therefore greater than if the body alone 
had to be accelerated, and this increase in work has been shown to 
occur as if the mass of the body were greater by a fixed amount. 
This apparent increase in mass is termed the added or induced mass 
of the body. This artificial mass may be imagined as filling the 
whole of the surrounding fluid but being concentrated at the body 
surface and decreasing in density with distance from it. It may be 
used, however, in momentum or energy exchange calculations as if it 
were part of the mass of the body itself. 
For a fully immersed, two dimensional flat plate moving 
perpendicularly to the plane of its surface the induced mass is known 
to be equivalent to the mass of a cylinder of fluid with a diameter 
equal to the plate width. (1) 
This induced mass, however, is not constant under all conditions 
of motion and its magnitude depends upon the direction of flow relative 
to the plate, the type of flow, and the presence of boundaries such 
as a cavity, wall or the water surface. 
Normally the total force on an accelerating massless plate would 
be found by taking the magnitude of the force generated by the change 
in momentum given to the induced mass, and adding to it the instantan-
eous flat plate drag of the plate. 
For a fully immersed paddlewheel blade any accelerations will 
generate forces which may be treated by adding the acceleration forces 
to the flat plate drag forces. For example, had they wanted to, 
Volpich and Bridges could have used these concepts to estimate their 
paddlewheel forces more rigorously in Figs. 4.3 and 4.4. For the LPW 
at high speed, however, the situation is different again from that of 
a fully immersed plate. 
The case of a plate entering through a water surface requires 
a different treatment than the case of the fully immersed plate. For 
symmetric impact of a two dimensional flat plate on a smooth water 
surface the induced mass has been shown to be half the value for the 
fully immersed plate. (2) It is this value of induced mass which is 
1. Streeter, P.l3-32 
2. Wagner or Batchelor 6.10 
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more realistic in providing an estimate of the mass used in the high 
speed LPW impulse theory. The mass of water to be accelerated, then, 
based on Wagner's result, may be written directly from the dimensions 
of the LPW blade. 
m' 
7T (£) 2 (4.15) - s p 2 2 
where m' induced mass per blade 
c blade chord 
s blade span 
p water density. 
Now each blade entering the water has this induced mass associa-
ted with it so that in the force equations, 4.5 and 4.11, the mass flow 
rate, m, becomes dependent upon the number of blades entering the water 
per second. It is convenient, therefore, to put the induced mass per 
blade in the form of a mass flow rate so that equation (4.15) becomes: 
m 
7T 
8 c
2 s p n B (4 .16) 
where n rps 
B the number of blades on the LPW. 
In the LPW situation the conditions are somewhat divergent from 
those for which the symmetric impact theory of Wagner is readily 
applicable. The discrepancies are noted in the following points which 
must therefore be taken as working assumptions: 
(1) For LPW blades water entry is rarely symmetric but the 
induced mass will be assumed to be unaffected by this. 
(2) Flow conditions will vary considerably from case to case, 
and involve rotation and deceleration during entry. Induced mass will 
be assumed to be unaffected by this, remaining constant in all cases 
of water entry. 
(3) Although induced mass is known to vary depending upon 
the alignment of the plate to the flow, this factor will be ignored 
at this stage, induced mass being assumed constant regardless of the 
angle of attack of the flow on to the blade. 
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(4) The water surface is rarely flat, usually containing 
splash and waves left by the passage of the previous blade (see 
section 4.9.1). This is assumed to have no effect on the magnitude 
of the induced mass. 
(5) It is very difficult to estimate any flat plate drag 
contribution to the forces since the action is impulsive and the 
time duration indeterminate. These forces will therefore be 
ignored at this stage. (See, however, section 9.3.2 where these 
drag forces are shown to exist.) 
(6) The LPW blades are considered as two-dimensional blades, 
having no end effects to alter the calculated induced mass. 
(7) For the purposes of the theory all the induced mass is 
assumed to be located at the blade tip. That is, no account is 
taken of the fact that most of the blade surface is on a smaller 
radius than the blade tip. 
The momentum model described in the earlier section (section 4.3) 
could now be reassessed using this new limited mass. Firstly, however, 
the other assumption in that theory regarding the final water veloci-
ties will be examined more closely. This involves some preliminary 
work to investigate the geometry of the flow around the LPW blade. 
4.6 LPW BLADE FLOW GEOMETRY AND MAXIMUM BLADE-WATER VELOCITIES 
The passage of the LPW blades through the water is a complex 
motion involving continual changes in flow velocity and direction so 
that the resulting flow relative to the blades is neither easy to 
visualise nor to analyse theoretically. Nevertheless the geometry 
of the blade passage through the water and especially the conditions 
of blade entry into the water have been found to be the key to the 
theoretical description of the LPW performance. 
The most useful of these geometric concepts are outlined here 
before they are applied in the later derivation of the maximum velocity 
expressions. 
At this stage the LPW blades are seen simply as flat plates, 
which provide a basis for the subsequent theory. 
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4.6.1 Blade Motion Relative to the Water 
The blade tip may be considered at any instant to be at angle a 
from the vertical, with tip velocity Vt relative to the wheel axis as 
shown in Fig.4.5. The wheel axis may then be given a speed of advance 
V so that the parametric equations of the position of the blade tip 
0 
relative to the x-y axis stationary in the water, are those of a pro-
late cycloid: 
x v .t + R sin a 
0 
y -R cos a 
where t time 
R LPW radius to blade tip. 
When these equations are plotted they give the locus of a single 
blade tip for the chosen velocity ratio of the wheel as shown in 
Fig.4.6. 
A similar curve, displaced to one side shows the locus of the 
inside edge (or heel) of a flat LPW blade and both curves are shown 
together in Fig.4.7. 
At a given water depth these curves intercept the water as shown 
also in Fig.4.7, and when a multibladed wheel is used the loci of the 
blade tips alone look like Fig.4.8. At the immersion ratio shown 
(~ = 0.125), for a six-bladed wheel the locus of each blade tip inter-
cepts the locus of the previous blade tip below the water surface. 
This is a geometric equivalent of cavity intrusion; if the LPW was 
carving through butter the track left behind would follow these blade 
loci. In water, cavity intrusion occurs differently since the water 
spreads away from the blade tip locus, (see section 4.9.2). 
4.6.2 Blade Tip Velocity Relative to the Water 
Assuming there are no gravity-induced flow velocities in the 
water, we can differentiate the parametric equations to arrive at an 
expression for the magnitude of the blade tip velocity relative to 
the water. 
X v - RW cos a 
0 
y -RW sin a 
v AZ + y2 
(4.17) 
v h 2 - 2V0 Vt cos a + vt 
2 
0 
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where w angular speed of LPW 
velocity of blade tip relative to the water 
velocity of blade tip relative to wheel axis 
speed of advance of wheel axis. 
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This expression (4.17), is plotted in Fig.4.9 as a ratio with 
the blade tip speed Vt' for a series of velocity ratios less than 1. 
Note that the immersion ratios are marked on the horizontal (a) axis, 
indicating at what angle, a, the blades enter and leave the water for 
various immersion ratios. 
Note also that the blade tip velocity, V, relative to the water 
decreases from entry to the bottom of the passage and then increases 
again, so that it is a maximum at blade entry and exit. 
4.6.3 Angle of Attack Through a Blade Passage 
The direction of motion of the LPW blade tip relative to the 
water is required in order to estimate the magnitude of the instantaneous 
force applied by the blade to the water. This depends upon the blade 
angle, ¢, for a flat blade. Fig.4.10 shows the four cases of velocity 
~ossible at the blade tip, and the derivation of the angle 6 for each 
case. The appropriate case can be chosen for the sense of x and y from 
the figure, and the equation for the angle of attack, y, can be written 
directly: 
y 6 - (¢-a) (4.18) 
For normal operation both x and y are negative so that diagram 
(2) of Fig.4.10 is most often relevant. 
It should be noted that for extremes of blade angle, ¢, the 
above equation may produce angles of attack, y, greater than 2TI or 
less than 0. If this occurs y is normally readjusted to be within the 
range 0 < y < 2TI. 
A subroutine used for calculating y is given with programme 
'BLADEDRAG' as subroutine 'XY~G' in Appendix 8. 
If the angle of attack y, is plotted against a the angular 
distance through the blade passage, for a series of velocity ratios, 
the result is as shown in Fig.4.ll. This is the case for the blade 
angle ¢ = 90°. A simple shift of the vertical axis as shown enables 
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the diagram to apply to other blade angles. Once again depth ratios 
marked on the horizontal axis indicate the blade entry conditions at 
these immersions. 
The main features of note are: 
(l) As the velocity ratio decreases (rps increases for a 
given V ) the angle of attack y approaches a constant value. 
0 ' 
(2) For a given velocity ratio the angle of attack at entry 
does not vary greatly over the range of expected immersion depths. 
This second point is examined further in the next section (4.6.4). 
So far conditions at the blade tip only, have been considered. 
Any other part of the blade will have a different velocity vector 
diagram, and a different velocity ratio associated with it, with the 
consequence that the angle of attack will vary chordwise along the 
blade. Further, the angle a will be different for different points 
on the blade surface (unless it is a radial blade with¢= goo). 
These effects are sketched in Fig.4.12 and at this stage they are 
simply noted as complications to the basic concepts. 
4.6.4 Blade Angle of Attack at Entry 
Since later sections show that most of the water momentum change 
would normally take place at the instant of blade entry, it is of some 
value to replot Fig.4.ll as angle of attack at entry against velocity 
ratio, as shown in Fig.4.13. An expected operating range of velocity 
ratios is indicated and once again, although the diagram is drawn for 
a blade angle¢= goo, a simple shift of the vertical axis enables it 
to be used for any other blade angle as shown. 
Several features are of note: 
(l) For the expected velocity ratio operating range indicated, 
the angle of attack curves for different immersions are all clustered 
together. This is specially so for the midrange of immersion ratios (% = 0.08 to 0.2). 
(2) Angle of attack, y, for all immersions increases as the 
tip speed is increased (that is, as velocity ratio is decreased). 
(3) This increase in angle of attack amounts to about 30° 
over the expected operating range of velocity ratios. 
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One further point is that for some blades (¢ > 90°) it is found 
that the entry conditions may not be the most s~gnificant. Instead, 
some point after blade entry is where most of the momentum change takes 
place. (See section 4.6.6 on maximum velocities.) If this is the case, 
the same diagram may still be used if the family of immersion ratio 
curves is read instead as a family of curves of a (the angular position 
in the blade passage where most momentum exchange takes place) as shown 
in parentheses in Fig.4.13. As noted earlier this diagram still only 
applies to conditions at the blade tip, and the angle of attack at 
entry would in fact vary along the blade chord resulting in a more 
complex picture of blade flow conditions than this analysis presents. 
The implications of this diagram are that for a given velocity 
ratio the flow direction relative to the LPW blade tip at entry is al-
most independent of fairly large changes in immersion, so that in 
designing a blade, the angle of attack at entry may be chosen on the 
basis of velocity ratio, and blade angle alone, with small regard for 
changes in immersion. 
4.6.5 Maximum Blade to Water Velocities 
It is apparent from the preceding sections, especially 4.6.2, 
that the velocity of the LPW blade relative to the water varies con-
siderably during the blade passage. It would therefore be expected 
that somewhere in the passage the blade would impart a maximum velocity 
to the water and this would be in some direction determined by the 
vector geometry of the flow at that point. Once this had occurred, 
and assuming such a velocity was much greater than any gravity-induced 
velocity, the blade would slow down relative to the accelerated water. 
The water would then leave the blade to move away at this maximum 
velocity, possibly allowing air to move in to take its place. (Since 
the LPW is operating through the water surface air entry readily 
occurs.) Once this has happened no more momentum exchange could be 
caused by the blade unless it caught up again or encountered more water. 
From this point it remains to construct vector diagrams to 
determine the magnitude and direction of these maximum velocities 
relative to a fixed frame of reference in the water. 
While vector diagrams will be used here, it is realised that 
they do not always accurately predict flow velocities and drag forces (1) 
1. Lamb, Art. 77, P.l03 
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especially at small angles of attack. Also the assumption is made 
that velocity changes cannot be transmitted to the water in a direction 
parallel to a flat plate surface. Thus changes in flow direction are 
considered to take place vectorially and only in a direction perpendicu-
lar to the blade surface. 
4.6.6 Maximum Perpendicular Velocity 
An expression for the vector velocity change perpendicular to 
the blade, ~V , may be written directly from Ftg.4.14 p 
~v p V sin y (4.lg) 
where: V may be found from equation (4.17) and is the 
velocity of the blade tip relative to the water. 
y may be found from equation (4.18). 
It is helpful to examine a plot of this expression to see how 
the maximum perpendicular velocities may occur. Fig.4.15 is such a 
plot. The axes may be shifted horizontally and vertically to define 
the plot for other blade angles as shown. Immersion ratios are marked 
on the axes for ¢ = 60° and a series of curves for different velocity 
ratios are plotted. Points of note are 
(i) For blade angles less than goo ~V is maximum at blade 
p 
(ii) 
entry. This is most significant. 
For blade angles greater than goo ~V is maximum at blade p 
exit. 
(iii) For blade angles greater than goo, depending on immersion 
depth, ~V may decrease from its value at entry (which p 
would allow the water to move away from the blade) before 
increasing again to its maximum at blade exit. 
(iv) It is possible to arrange the blade angle, velocity ratio 
and immersion depth so that ~V = 0 at entry (as marked p 
in the figure). ~V then increases steadily through the p 
blade passage. (This situation might be expected to 
provide the smooth application of force normally required 
with hydrodynamic machinery. This idea, however, is taken 
no further here since the LPW with the required blade 
angle generally has very little or no lift force component.) 
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Apart from the case where 6v = 0 at entry, all other p 
entry conditions require a theoretically infinite 
acceleration to the entry velocity at blade entry. In 
practice this would be expected to produce shock 
loadings on the LPW, causing splash and shock losses 
in the water, and high impulsive forces on the machinery. 
From these points the main feature is that maximum perpendicular 
velocity changes occur at water entry for all blades with angles less 
than goo. 
4.6.7 Vertical and Horizontal Components of Perpendicular 
Velocity 
This perpendicular velocity change may be resolved into horizontal 
and vertical components which are required for the estimation of the 
thrust and lift forces. Relative to the frame of reference fixed in the 
water these components will also be the horizontal and vertical com-
ponents of the final water velocity so that 6 is now left out of the 
relations. 
The components of V may be derived in two ways. If they come p 
from Fig.4.14 and equation (4.lg), they include y, which is difficult 
to deal with as shown in Fig.4.10. An alternative derivation which is 
longer avoids this complication and it is outlined in Appendix 3. The 
resulting equations are : 
sin (<P-el,) (V t sin <P - v 
0 
sin(<jl-a)) 
v 
v 
cos (¢-a) (V t sin ¢ - V 
0 
sin(<jl-a)) 
where vh 
v 
v 
horizontal component of V , the p 
perpendicular velocity. 
vertical component of Vp 
(4.20) 
(4. 21) 
Note that a is used for the blade angular position through the 
cavity. This is because these equations hold for any position in the 
cavity. For blade entry, however, a may be replaced by 8, the depth 
angle. 
These equations when plotted give results as indicated for V 
v 
in Fig.4.16 (for¢= goo). However the plot shown cannot be readily 
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adapted to plots for other blade angles by simple shifts in the axes 
and in themselves such plots do not indicate much of value. 
We are now in a position to reassess the thrust and lift equations 
(4.5)and (4.11) of section 4.3 in terms of the induced mass of section 
4.5 and maximum water velocities between the blade and the water. 
4.7 THE IMPULSE THEORY OF Ll?W FORCES 
In this section the induced mass concept of section 4.5 is com-
bined with the maximum velocity expressions (4.20) and (4.21) of section 
4.6.7 to modify the momentum model of section 4.3 into a more refined 
analysis of LPW forces. The conditions of flow are assumed as in 
previous sections with the LPW in the high speed planing mode. The 
mass of water now used is considered to be the induced mass rather than 
the whole of the entrained mass. The velocity to which the wheel accel-
erates the water is now considered to be the maximum water velocity 
reached perpendicular to the blade, and this generally occurs at blade 
entry. The magnitude and direction of this velocity is resolved into 
horizontal and vertical components in the maximum velocity expressions, 
and thus the thrust and lift forces may be determined. 
From these considerations the simple thrust equation (4.5) 
T mVh may be rewritten using equation (4.16) and equation (4.20) as: 
T m sin (¢-8) (Vt sin ¢-v 0 sin (¢-8)) 
or T ¢-v 
0 
sin. (¢-8)) 
Similarly the lift equation (4.11) L m V may be rewritten: 
v 
L 
or L 
where, 
m cos (¢-8) (v t sin ¢-v 
0 
sin (¢-8)) 
'TT 2 8 c spnB•cos (¢-8) (Vt sin ¢-v 0 sin (¢-8)) 
as usual: L lift force 
T thrust force 
c blade chord 
s blade span 
n rps 
B number of blades on the wheel 
(4.22) 
(4.23) 
(4.24) 
(4. 25) 
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cp blade angle 
e depth angle 
vt blade tip speed relative to LPW axis 
v wheel speed of advance. 
0 
Note that although the depth angle 8 is used the relations still 
hold for any position through the cavity where the maximum perpendicular 
velocity would be reached. If the angle, a, representing such a 
position replaces 8 then the relations may be used for such unusual 
circumstances. 
Note also that if Vt is replaced by TinD the relations become 
quadratics in the wheel revolutions, n. Thus force-rps plots would 
have a parabolic form. The relations correspond to the parabolic 
section of the force-rps plots (Fig.l.6) since at this point no con-
sideration has been given to the effects of cavity intrusion. 
4.7.1 The Impulse Theory After Surface Cavity Intrusion 
As was noted in section 4.5 the induced mass flow rate may be 
increased by an increase in wheel revolutions, n, or in the number of 
blades, B. It will be apparent that such increases will not increase 
the induced mass flow rate indefinitely. As wheel revolutions are 
further increased, cavity intrusion occurs and the cavity left by the 
previous blade approaches the area of entry of the incoming blade. 
The induced mass magnitude will be affected by the presence of this 
new surface as described in section 4.5. Eventually the cavity will 
be encroaching upon the water surface that would have been encountered 
by the incoming blade. (See Fig.l.7.) This is surface cavity intrusion. 
Under such circumstances it is difficult to estimate theoretic-
ally just what the added mass per blade might be, and a number of 
unsuccessful attempts have been made during the course of this project. 
The difficulty has been sidestepped by treating the situation as follows: 
Once cavity intrusion has advanced so that the width of water 
surface each blade encounters is less than the chord width of the blade, 
the mass acted upon is much more like the full entrained mass of 
section 4.3 as shown in Fig.4.1. So for this situation the mass used 
in the force expressions 4.22 and 4.24 is allowed to remain as the 
full entrained mass, M (equation 4.7, section 4.3). Thus the express-
ions for the force after surface cavity intrusion use this mass flow 
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rate instead of the induced mass per blade, and become: 
T 
L 
sdpV • 
0 
sin (cjl-8) (Vt sin cp - v 
0 
sin (cjl-8)) 
cp - v 
0 
sin ( cp- 8) ) 
4.8 
(4.26) 
(4 0 27) 
It will be noted that these expressions, in contrast to (4.23) 
and (4.25) are linear in Vt (or n) corresponding appropriately to the 
linear section of the force-rps plots (Fig.l.6). 
4.7.2 Dimensional Analysis and the Impulse Theory 
It would be expected from Dimensional Analysis that the forces 
should increase as the square of the velocity or as the square of the 
characteristic dimension. A check of expressions 4.23, 4.25, 4.26 and 
4.27 for the forces both before and after cavity intrusion verifies 
that this is the case as long as the velocity ratio is kept constant 
for similarity of flow, and it is noted that the tip velocity, Vt' is 
related to the wheel revolutions, n, by 
where: D wheel diameter. 
4.8 OTHER THEORETICAL APPROACHES AND THE DEVELOPMENT OF MASS FLOW 
COEFFICIENTS 
It has been one of the tasks of the project to develop a compre-
hensive theory of LPW operation which could both explain how LPW forces 
are generated and be used to predict forces in untested situations. 
The development of the present theory is only one of a number of theories 
tried. Each theory used, and found inadequate has been helpful in that 
it has suggested that the concepts involved are not instrumental in the 
generation of LPW forces. 
It was found, for example, that the forces before cavity intru-
sion are in fact considerably larger than those predicted by the impulse 
theory already described. Some time was spent in trying to discover 
whether this discrepancy could be accounted for by the concept of cavity 
induced mass. (1) There were difficulties in that this concept is 
normally used for deeply immersed cavities and the required case of 
entry through the surface did not readily comply. Ultimately this 
line was fruitless, neither proving nor disproving the value of the 
1. Logninovich, P.ll5 
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concept in this context and therefore not adding to the understanding 
of LPW forces. 
Another approach, which was imagined relevant, was Wagner's 
wedge entry theory. (1) This theory takes account of boundary migration 
on sloping surfaces entering the water and while it applies to symmetri-
cal wedges it was felt that it could be adapted to LPW blades. A number 
of calculations and refinements failed to improve the present impulse 
theory to a level which would make the combined theories a convincingly 
better model of the real case, and it is therefore tentatively concluded 
that the enhancement of entry impact forces as described by Wagner's 
wedge entry theory do not contribute significantly to LPW forces. 
One further discrepancy deserves mention: the impulse theory 
as it stands predicts, under certain circumstances, that the LPW forces 
remain positive to velocity ratios well beyond unity. (For example 
with blade angle ¢ 60° and depth angle e = 60° in equation 4.25.) 
Experimental results do not wholly support this, and it became clear 
that this is because the impulse theory is only concerned with condit-
ions at water entry and it ignores everything thereafter. Attempts 
were made to incorporate expressions to take into account the fact 
that the water catches up with the blades at the bottom of their 
passage at velocity ratios near or greater than unity, thereby intro-
ducing negative components of force. These attempts, however, did not 
satisfactorily model the real situation and introduced considerable 
complication to the theory. Once again the attempt was abandoned, but 
it suggested that the reasons the experimental forces fall to zero 
just before or after the velocity ratio reaches one, are rather more 
complex than a simple subtraction of flat plate drag forces at the 
bottom of the blade passage. 
For this project then these extra theoretical models have been 
tried and abandoned. While the present impulse theory does, in large 
measure, clarify what is happening between the LPW and the water 
there are the expected discrepancies between theory and practice which 
at present may be most usefully dealt with by employing coefficients. 
Chapter 9, analysing the experimental results for flat blades, 
contains a section (section 9.9) where coefficients are developed to 
adjust the magnitude of the mass flow in the equations to model the 
1. Logvinovich, P.57 
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WAVE FORMATION AFTER ENTRY IN FLAT BOTTOM SLAMMING 
EXPERIMENTS. 
(Ref: Chuang S.L. p. 15) 
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real situation both before and after surface cavity intrusion, and 
for lift and thrust forces. These coefficients are used in the normal 
way, to multiply the mass flow in the appropriate force expressions 
(4.23, 25, 26, 27). While they have been imagined as coefficients of 
the mass flow rate only, since this has been seen to incorporate the 
most gross assumptions (discussed in section 4.5), they clearly also 
allow for any smaller discrepancies between the maximum velocity 
expressions, (4.20) and (4.21) and the real situation. 
One further step remains to complete the present impulse theory, 
and that is to predict when surface cavity intrusion occurs, since 
this defines which of the two sets of relations must be used to calcu-
late LPW forces. 
4.9 REAL FLOW AROUND LPW BLADES' 
In the foregoing sections the effects of blade entry splash have 
been ignored, and the flow over the LPW blades during water entry and 
after immersion has been examined simply in terms of the net vector 
velocity changes occurring. The real flow situation is rather more 
complex than this and an examination of the actual water flow around 
the blades helps to explain the causes of bowsplash, and gives reasons 
for the discrepancies in the maximum velocity expressions, as well as 
providing a means of calculating the point where surface cavity in-
trusion begins to occur. 
4.9.1 Bowsplash 
Splash at blade entry may be examined in two ways. First, the 
entry of an inclined plane through the water surface is little differ-
ent in terms of the flow it causes from the case of a planing surface. 
It is well known (1) that such a surface throws a thin sheet of spray 
ahead of itself as shown in Fig.4.17. Such a spray formation would 
also occur when LPW blades enter the water inclined to the surface. 
This splash formation while present at LPW blade entry is relatively 
insignificant compared to the other splash type. 
The second splash type is more dramatic. It may be seen in 
terms of "Waves due to Local Impulse" as treated by Lamb. (2) Such 
theory shows how an impulse on the water surface (such as the sudden 
entry of the LPW blade) produces short wavelength, large amplitude 
1. Wagner, 1932 
2. Lamb, Art. 239, P.388 
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waves. Experiments on flat-bottom slamming (1) show how this occurs 
in practice so that just after a high speed blade entry the water 
surface would appear as shown in Fig.4.18. These waves are of some 
significance to LPW operation and theory for two reasons. Firstly, 
as the oncoming blade meets this rising surface the velocity between 
the blade and the water is increased. It may be imagined that under 
the right conditions this would cause an appreciable increase in the 
blade force and possibly a change in the depth angle 8 at .which the 
maximum perpendicular velocity is reached. At this stage this effect 
is simply noted as a possible discrepancy in the impulse theory. 
Secondly these waves are apparently instrumental in causing 
bowsplash. While no rigorous confirmation of this has been done 
experiments show that if, under the right conditions in the planing 
mode, the oncoming blade encounters such a wave there is a regenerative 
buildup of water ahead of the wheel. It seems that this occurs since 
each descending blade encounters the splash, traps air in it and this 
causes the bowsplash to grow so that the next descending blade en-
counters the same conditions but higher above the water surface. 
Ultimately the blades are pushing a mound of water ahead of the wheel. 
This is shown in Figs. 4.19 (A)-(E) and may be compared with the cylin-
der in Fig.4.34, ahead. It is pointed out in Chapter 12 that this is 
apparently a hindrance to lift-off for LPW craft. 
No analysis has yet been attempted of the phenomenon, since in 
practice it ceases to be a problem if the velocity ratio is kept high 
enough to be clear of surface cavity intrusion. 
4.9.2 Free Streamline Theory and LPW Blades 
Once the fast moving LPW blade has become immersed it may be 
compared with the case of a flat plate fully immersed in a flow, with 
a cavity of ambient pressure. (2) For such a plate the flow divides 
at the stagnation point, moves in both directions across the plate 
surface with a velocity relative to the blade surface equal to its 
incoming velocity, then separates from the edges to form the cavity 
behind the plate as illustrated in Fig.4.20. 
Several points may be noted : 
(1) The stagnation point may be found analytically. (3) 
(2) The centre of pressure may be similarly determined. 
1. Chuang, S.L., P.lS 
2. Batchelor, 6.13, P.498 
3. Birkhoff & Zarantorello II.2, 
P.28. 
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FIGURE 4·20 FLAT PLATE WITH AMBIENT CAVITY AT 45° 
TO FLOW; FULLY IMMERSED. 
{Ref: Birkhoff & Zarantonello plate 2, p 340) 
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(3) 
(4) 
The velocity over the surface is known so the skin 
friction may be estimated analytically. 
The shape of the edge of the cavity - the free 
streamlines - can be calculated. (1) 
(5) The pressure distribution can be calculated. 
(6) All these quantities may be determined for any 
angle of attack of the plate. 
4.9.3 
For the LPW in the displacement mode where the blades may be 
fully immersed and moving steadily with a ventilation cavity these 
points may be of value. It should be noted especially that point 
(3) above in relation to Fig.4.9 in section 4.6.2 supports Beardsley's 
claim (2) that the paddlewheel is likely to have lower frictional 
losses than the propeller since the relative velocity between the 
blades and the water is less than for a propeller. 
Once again, however, the high speed case is more difficult to 
deal with. 
4.9.3 Estimating Surface Cavity Intrusion Conditions 
It would be expected that for the high speed case of LPW opera-
tion only the moments of blade entry would be of importance since it 
has been shown (section 4.6.6) that all the blade-water momentum ex-
change takes place at this point. Since this occurs essentially in 
the water surface it is difficult to decide whether any analysis should 
treat the flow as a symmetric impact on the water surface (3), or 
the beginning of the formation of a flat plate cavity at ambient 
pressure. (4) Both treatments require a number of assumptions. It 
is found, however, that for the purposes of the estimation of the 
surface cavity intrusion conditions, the cavity formation method is 
adequate, and it is assumed that there is unlikely to be a large 
discrepancy between the results of the two methods since the surface 
splash in the real situation looks not unlike the extension of the 
cavity of the immersing blades. 
In the case of the paddlewheel blade the direction of motion 
is changing, as it moves in a curved path, and the blade is decelera-
ting as it enters the water. Fortunately the theory of cavity formation 
1. Birkhoff & Zarantonello, II.2, P.28 3. Batchelor, 6.10, P.474 
2. Beardsley, P.l2 4. Batchelor, 6.13, P.498 
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can accommodate such irregular motion, as the principle of "independent 
expansion" (1) states that the cross section of the cavity expands 
relative to the path of the blade centre almost independently of the 
subsequent or preceding motion. This applies equally well for straight 
or curved paths. 
It is now possible to construct a diagram which contains the 
essential features for the determination of the position of the cavity 
edge at a given time after the blade has entered the water. Such a 
diagram is shown in Fig.4.21. 
The derivation of the equations for calculating the wheel revolu-
tions at which surface cavity intrusion occurs is carried out in full 
in Appendix 5 which uses the Fig.4.21. A number of the equations used 
have been derived elsewhere in this report and they are simply restated 
here. 
As they stand they require an iterative solution for n, the 
wheel revolutions. Such an iterative subroutine in Fortran is contained 
in Appendix 5. 
v lv 2 - 2v v cos 8 + v 2 
0 0 t t 
(Equation 4.17) 
v 
~1 . -1( 0 ) s1n ~ sin 8 (A5.3) 
y can be found from section 4.6.3 and equation 4.18 
t 
Y1 
Y2 
n 
1 
Bn 
I 4 sin y V t c TI sin y + 4 
~sin(~~ + 8)~ 
v 
0 
B(c•cos (¢-8) + Y2) 
(A5.4) 
(A5.1) 
(A5.2) 
(4.28) 
Notation for these equations is the usual notation and is itemised 
fully in Appendix 5. 
1. Logvinovich, 5.8, P.ll6 
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It is unnecessary to use the iterative approach if it is 
required to know whether a given wheel revolutions, n, exists either 
before or after surface cavity intrusion in order, for example, to 
decide which coefficients to use. In the following expression a1 
is the distance between the cavity edge and a point near the heel 
of the incoming blade where the presence of the cavity edge causes 
cavity intrusion to occur. Thus, if a1 is negative surface cavity 
intrusion is occurring. 
v 
0 
nB - c•cos (¢-8) - y 2 
where a 1 positive: before surface cavity intrusion 
a 1 negative: after surface cavity intrusion 
(4. 29) 
n = value of rps with unknown cavity intrusion 
conditions. 
By way of conclusion several general comments will be mad.e 
about this method. 
(l) It should be stated that this method is not rigorous. It 
contains some minor geometric assumptions as well as the assumptions 
involved in the theory used and an experimental adjustment. Nevertheless 
for most cases of LPW flat blade data its results are as close to the 
experimental results as is possible to estimate with the present set 
of data. (Exceptions are for very large or very small blade chords: 
see section 9.4.6) 
(2) Once surface cavity intrusion has occurred the LPW blade is no 
longer acting as an immersed flat plate with a cavity since a free 
streamline leaves only one side of the blade. Under such circumstances 
it is likely that any thorough analytical treatment of the blade cavity 
would be better done by considering the blade as a planing plate. 
(3) When the LPW is not immersed deeply the blades themselves may 
not become fully immersed at any stage during the blade passage. Under 
such conditions, the blades are acting more like planing plates and 
it becomes difficult to see just when cavity intrusion occurs. (See 
Fig.4.22.) Even so, the experimental results still indicate its 
presence, and a workable approach, has been to use the above equations, 
taking the blade chord value as no greater than the immersion depth. 
(4) It is inevitable that with the use of this estimate of wheel 
revolutions at surface cavity intrusion, as well as the coefficient-
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adjusted theoretical results, there will be discontinuities between 
the force calculations at cavity intrusion, as sketched in Fig.4.23. 
This is simply accepted as one of the limitations of the present 
model, and it is pointed out that in the real case there is a gradual 
change from one curve to the other across the cavity intrusion point. 
(5) Free streamline theory has been developed to such a stage 
where it can be used to predict the streamlines past a polygonal plate. 
Such theory could be used to design polygonal or curved LPW blades to 
control both cavity intrusion and bowsplash (see Chapter 10). Forces 
on such blades could also be determined using this theory. (1) 
(6) In Appendix 6 calculations of LPW forces are undertaken using 
the impulse theory and the coefficients developed for use with it. 
When these coefficients are used it is not necessary to calculate 
where surface cavity intrusion occurs, since the parabolic and linear 
sections of the force-rps plots can be drawn as shown in Fig.4.23 
and their intersection taken as the point where cavity intrusion occurs. 
Under some circumstances this is an easier method of calculation than 
that described above. 
4.10 THREE RESULTS FROM THE IMPULSE THEORY 
Three results of significance derive directly from the impulse 
theory as it stands, and these are examined before power consumption 
is considered. 
4.10.1 Immersion Depth as Defined by the Lift to Thrust Ratio 
If the vertical and horizontal velocity expressions (4.21) and 
(4.20) can be assumed, and if all the force is considered to occur 
impulsively at blade entry then a simple expression may be derived 
which defines the immersion depth angle 8, given only the blade angle 
¢, and the lift to thrust ratio. From (4.21) and (4.20) the lift to 
thrust ratio is 
L cos(¢-8) (Vt sin ¢ - V0 sin (¢-8) )m 
T sin(¢-8) (Vt sin ¢ - V0 sin (¢-8) )m 
which reduces to: 
L 
cot(¢-8) (4.30) -T 
or T 
tan (¢-8) (4.31) L 
1. T. Yad-Tsu Wu, P.20 
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It is significant that these two expressions are independent of 
so many of the variables of the LPW, most notably velocity, velocity 
ratio, mass flow rate, and cavity intrusion, though such variables 
will be changed by changes in the lift to thrust ratio. 
Such a useful expression points to a strong relationship between 
lift, thrust and immersion depth, and indicates, for example, that as 
craft drag (or thrust) increases for a given weight of craft the 
vehicle will rise higher in the water. This is an unexpected relation-
ship which is most significant in clarifying the high speed performance 
of the LPW craft, the difficulties it experiences at lift-off when 
there might be a sudden change in drag force, and the bouncing motion 
of the model LPW craft. 
4.10.2 Thrust and the Angle S 
The angle (¢-8) occurs throughout the force expressions (4.23 
for example) and in the thrust to lift ratio expression (4.31) above. 
It has been redefined as: 
s = (¢-8) 
in Fig.4.14 earlier where it will be seen that it is the angle between 
the entering blade and the undisturbed water surface. If S = 0 the 
blade enters the water parallel to the surface, in which case there 
can be no horizontal component of the maximum perpendicular velocity 
of the flow relative to the blade, so that the thrust force becomes 
zero. (See section 4.6.7 on the maximum perpendicular velocity.) The 
fact that if S = 0, thrust is zero is also evident from the expressions 
for thrust, 4.23 and 4.26, where the term sin(¢-8) must also be zero 
setting the whole expression to zero. The angle S has no such influence 
on the lift force in expressions 4.25 and 4.27 where the term cos(¢-8) 
replaces the term sin(¢-8) in the thrust expressions. The angle S 
therefore has a strong influence on the magnitude of the thrust force 
and little influence on the lift force, especially as S is often small 
in normal LPW operation. 
If immersion is such that S is negative the thrust force will 
also be negative. This is a useful result and one which allows a 
quick appreciation of the thrust force that may be expected from a 
given set of conditions. Examination of Fig.4.24 in the next section 
shows the extent of this result in graphical form. 
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4.10.3 Blade Angle and the Force Relations 
It is of value to examine the relationship between the lift 
and thrust forces with variation in blade angle, ¢, using the impulse 
theory force expressions, (4.22) and (4.24). For this purpose 
vo' vt and m are fixed and families of curves for different immersion 
depth ratios (or depth angles, 8) are plotted. The results are shown 
in Fig.4.24 and the following points may be noted from the figure: 
(1) Maximum lift force occurs for blade angles, ¢, between 
40° and 60°. 
(2) The magnitude of the forces depends upon the immersion, 
(which is a function of 8); and in general the trend with immersion 
for lift is opposite that for thrust. 
(3) Thrust force maximum values occur between goo and 105° 
which are beyond the angles for which maximum perpendicular velocity 
occurs at blade entry. (See section 4.6.6 and Fig.4.15.) The most 
dependable maximum thrust values therefore occur at ¢ = goo since 
blade angles of greater than goo are unlikely to be used. 
(4) For different values of LPW revolutions these curves would 
alter in magnitude and shift slightly, but for midrange conditions 
(velocity ratios near 0.6) the curves are representative of the trends. 
4.11 POWER ALLOCATION IN THE IMPULSE THEORY 
This section looks at how the LPW power is shared between the 
thrust, lift and losses, on the basis of the impulse theory of force 
generation. Its findings generally uphold the idea that the LPW 
craft could be a fast economic water craft. 
4.11.1 Thrust Power and Thrust Losses in the Impulse Theory 
The power absorbed by the LPW for propulsion or thrust may be 
divided into two parts. First there is that used to overcome the 
drag forces of the flying LPW craft. This is the useful thrust power 
denoted PT. For the LPW craft in the flying condition this power is 
analogous to the power a road vehicle requires to overcome air drag. 
Second there is the power which is put into the water in the horizon-
tal momentum exchange. It is lost as kinetic energy of the water 
after the LPW has passed. This power is denoted Plost' 
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and 
From expression (4.5) 
p 
lost 
TV 
0 
where T 
v 
0 
m 
propulsive or thrust force 
speed of advance 
mass of water acted upon per second 
final rearward component of horizontal 
velocity given to the water. 
(4.32) 
(4. 33) 
Both these expenditures of power are required to be kept to a minimum. 
It is useful to examine these as ratios. The useful thrust power 
per unit thrust derives from (4.32) above and may be given in two· 
forms : 
and 
v 
0 
TV 
0 (4. 34) 
( 4. 35) 
Similarly the power lost may be written as a ratio with two 
results: 
p m(vh)2 vh lost 
T 
2 m vh 
2 ( 4. 36 ) 
and 
p 
lost T 
T 2 m 
(4. 37) 
It is further valuable to note that the ratio of the useful 
thrust power p to the power lost, Plost should be maximised. Thus T 
PT 2 v 0 (4. 38) p 
vh lost 
should be maximised. 
These expressions provide a number of insights in LPW power: 
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{1) From (4.35) it is apparent that the useful power per unit 
thrust is proportional to craft velocity and is independent of velocity 
ratio, blade tip speed Vt and mass acted upon. This is as would be 
expected from (4.32) above and is the same as for a road vehicle. 
(2) Expression (4.36) shows that the power lost per unit 
thrust is dependent upon the final horizontal velocity of the water. 
To minimise the power lost Vh must be kept as small as possible. 
(3) From (4.38) it is again evident that to maximise the use-
ful power to power lost, Vh must be kept to a minimum with respect to 
v . 
0 
(4) It can be seen from T = m V (expression 4.5), that for h 
a given thrust force, T, Vh may only be reduced if m is correspondingly 
increased. And it is further apparent from (4.37) that an increase 
in m will reduce the ratio of power lost to thrust force. 
While these are expected results they provide the choices for 
optimisation of the thrust power which are examined in the next 
sections where methods are outlined for increasing m. 
4.11.2 Water Mass Flow Rate and Power Per Unit Thrust 
The choices for optimisation of the thrust power by the increase 
in mass flow rate are divided into two groups. First the use of the 
mass flowing into the LPW can be optimised, and second the magnitude 
of the mass flowing into the LPW can be increased. 
4.11.3. Optimisation of Incoming Mass Flow 
If the LPW is operating before surface cavity intrusion (in 
the parabolic region of the thrust-rps plot) it is not acting on all 
the water approaching it, as shown in Fig.4.25. Several options are 
available to increase the proportion of this incoming flow acted upon, 
each of course decreasing the power required per unit thrust in 
equation (4.34). 
First it is clear from Fig.4.25 that the maximum possible use 
of the incoming mass is made at such a velocity ratio that surface 
cavity intrusion is about to occur and therefore as much as possible 
of the incoming flow is converted to induced mass as it is acted upon 
by the blades. This is illustrated in Fig.4.26, and would represent 
operation in the intersection region of the force-rps plot. 
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For the second point, for high propulsive efficiency it is 
important that the velocity ratio be kept as high as is practicable 
(see Fig.l.9). Thus it is required that this optimisation of mass 
acted upon should occur at as high a velocity ratio as possible. 
This may, be achieved by two methods: 
(a) By adding more blades to give the effect shown in Fig.4.26 
at lower wheel revolutions (higher velocity ratio). 
(b) By increasing the chord as shown in Fig.4.27. This would 
apparently increase the induced mass more effectively than by adding 
more blades as indicated by the c 2 term in expression (4.16) for the 
induced mass flow rate. This however must be considered with caution 
as an increase in chord also places the centre of the induced mass 
nearer the wheel axis and therefore reduces the mean velocity to which 
it is accelerated. This complication will be avoided at this stage 
simply by noting that the impulse theory indicates than an increase 
in blade chord will increase the induced mass to some degree. 
4.11.4 Ways of Increasing Incoming Mass Flow 
This section outlines a second method of increasing the mass 
acted upon by the LPW as a way of reducing the power per unit thrust. 
Again the LPW is considered as operating before surface cavity intru-
sion has occurred, and several options are available in this case to 
actually increase the incoming flow. All these relate to equation 
( • 1T 2 4.16), m = 8 c p s n B. 
First, the density of the incoming flow may be increased. 
While this may seem trivial, observations of the LPW in action show 
that either an LPW in front of the one in question (as on a craft) 
or the presence of bowsplash can aerate the water considerably thus 
reducing the mass supply to the rotor. 
Second, the entrained mass may be increased by an increase in 
blade span. The thrust power to thrust ratio increases linearly with 
an increase in span for a given velocity ratio. 
It is interesting to note that for a given thrust force as the 
blade span is increased the pressure on the blade must decrease. Thus 
for a fixed set of conditions blade pressure is an indicator of the 
power per unit thrust. 
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4.11.5 Increasing Mass Flow After Cavity Intrusion 
After cavity intrusion the impulse theory has not attempted to 
estimate induced mass. There is therefore no advantage to be gained 
by speculation beyond the fact that it is clear that an increase in 
blade span will proportionally increase the induced mass for a fixed 
velocity ratio. 
4.12 LIFT POWER IN THE IMPULSE THEORY 
A body supported against gravity by forces generated by dynamic 
means uses power in the production of these forces. This is also the 
case for the LPW craft, and since lift is a special property of the 
craft it is important to examine just how this lift power is used. 
Since the expressions for propulsive efficiency treat the power used 
to generate the lift force as a loss, they give little indication of 
how effectively the lift force is generated, so a separate expression 
needs to be employed. The lift power to lift ratio, ~L, is used and 
the related analysis is to some extent comparable with that of 
PT 
section 4.11.1, where the thrust power to thrust ratio ~was examined. 
The power used to generate the lift force may be expressed in 
terms of the kinetic energy lost to the water in the vertical direct-
ion per second. 
l 2 
PL = 2 m(v) (4. 39) 
* The lift power to lift force ratio then becomes: 
which yields the two results: 
* 
and 
v 
v 
2 
L 
2ro 
(4. 40) 
(4.41) 
PL 
It should be pointed out that ~ is not the commonly used power 
to weight ratio, since the power considered in this section is 
only the power required for lift and not the overall input power, 
denoted P. in this report. 
l 
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where PL power used for lift 
m induced mass flow rate 
v final velocity of the water in the 
v 
vertical direction 
L lift force. 
These expressions indicate the following general ways to minimise 
the lift power to lift ratio: 
(1) 
PL 
From (4.40) ~depends upon V , which should be minimised to 
v 
minimise the lift power per unit lift. 
(2) From (4.41) it is apparent, as it was for the thrust power, that 
the mass acted upon should be made as large as possible, and reference 
may be made to the above sections regarding induced mass flow rate 
(4.11.2, 3 and 4) which are equally applicable to the lift and thrust 
cases. 
Of course any decrease in V must be accompanied by a proportion-
v 
al increase in m and vice versa if the lift force is to remain constant 
by equation (4.11), (L = mV ), as it would for a flying LPW craft, 
v 
though such a fixed relation between these two quantities is not nec-
PL 
essary for changes in the ratio. L 
(In practice the lift force cannot be so simply calculated, as 
the expression 4.11 then contains a coefficient which itself varies, 
sometimes considerably, with the conditions. In this case a realistic 
estimate of how the lift power will change can more properly be de-
termined using expression 4.11 with the coefficient equation for lift 
as described in section 9.9. The most notable departure from the 
PL 
theory in that case is that ~ in fact tends to increase with wheel 
revolutions in the normal operating state before cavity intrusion.) 
4.12.1 Lift Power and Depth Angle, 8 
An idea which.has often been put forward is that if the point 
of application of the lift force is moved as close as possible to a 
position directly below the LPW axis, power required for lift will 
be reduced. See Fig.4.28. 
While the present theory supports this notion it shows that 
the result is the same as the methods just described for power optimi-
sation. 
148. 4.13.1 
LPW axle 
torque 1 
FIGURE 4 · 28 POINT OF APPLICATION OF LIFT FORCE 
SHOULD BE AT A SMALL ANGLE, az, TO REDUCE 
SHAFT TORQUE. 
149. 4.13.1 
From equation (4.21) for V , and its depiction for ¢ = 60° in 
v 
Fig.4.16 it can be seen that for the normal range of immersion depths 
and blade angles V can 
v 
be reduced by a reduction in immersion ratio, 
noted above in relation to equation (4.40) for 
unit lift is also reduced by a reduction in V . 
v 
(8 or a). As has been 
PL I:' the lift power per 
Thus the idea is supported by the impulse theory equations. 
In order to reduce V , however, and still maintain constant 
v 
lift force required for a flying LPW craft, m must be proportionally 
increased by equation (4.11), (L = mV ). This is the same conclusion 
v 
reached by the above sections 4.12, 4.11.2 and 4.11.3. 
The depth angle, 8, and the lift power per unit lift will 
therefore decrease together as proposed, but only as a consequence 
of an increase in the mass flow m as already described. 
4.13 OTHER POWER LOSSES 
Three more areas of power loss are evident in LPW operation. 
Analytical estimates for two of these have been attempted. These 
three are: 
(l) Power lost to spray. 
(2) Power lost to rotational air drag on the LPW's. 
(3) Power lost as kinetic energy of rotation 
given to the water by the rotation of the immersed LPW blades. 
4.13.1 Spray Throwing 
It is clear that some of the water mass acted upon by the LPW 
will move upwards as spray. Some of this will be lifted out by the 
blades while some will constitute impact splash as described in 
section 4.9.1. All of it however will be kinetic energy lost to the 
water. Any water actively lifted by the blades would reduce the 
nett downwards velocity in expressions (4.11) and (4.40), reducing 
p 
the lift force, and also increasing the LL ratio. Any spray directed 
against the body of the craft would increase the drag force and hence 
the thrust power. 
In practice, however, a large proportion of the inherent 
vertical momentum in the spray may be regained by the craft. It 
has already been pointed out in section 4.9.1 that the impulse 
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splashes may add to the lift force if encountered by the incoming 
blades. Also suitable spray deflectors on the body of the craft 
(as used on the model in Chapter 12) may be used productively to 
channel the flow back downwards to assist the lift of the wheels. 
Such deflectors, however, introduce skin friction losses and it 
would be better if the LPW could be made to operate without throw-
ing a significant amount of spray. As yet no ready method has been 
attempted for estimating the power lost to a craft in spray. 
4.13.2 Power To Overcome Rotational Air Drag of LPW's 
LPW's are, unfortunately, decidedly similar in form to large 
centrifugal fan impellers. With improperly chosen shrouding they 
may well be made to pump large volumes of air during their operation. 
While this may be a way of coping with a spray problem, it is also 
going to absorb considerable power when the wheel speeds are high. 
Suitably chosen shroudings may be designed to prevent much of this 
power loss. 
A power coefficient suitable for the experimental measurements 
of LPW windage (based on the relation (4.2)) has been found to be: 
KP 
w 
where KP 
w 
p 
w 
pa 
n 
s 
Cl 
B 
D 
p 
w 
LPW windage power coefficient for rotation 
windage power loss for rotation 
air density 
wheel revolutions per second 
blade span 
projected blade chord c1 = c sin ¢ 
number of blades 
wheel diameter to blade tips. 
This expression contains no term for speed of advance, V , 
0 
(4.42) 
which seemed during tests, to have little effect even for unshrouded 
wheels. (See section 9.6, describing windage tests.) An average 
value for KP is 16 ± 1.5 for the test wheels with no shrouding. 
w 
(16.7 ± 4 for all wheels tested.) 
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4.13.3 Power Lost as Rotational KE Left In The Water 
It has been imagined that a proportion of the torque applied 
to the LPW would be expected to simply rotate the water adjacent to 
the blades and that the power absorbed in this way would be left be-
hind as rotational kinetic energy lost to the water. 
As an indication of the real magnitude of this energy loss, 
estimates were made as follows 
The added mass per blade, as calculated from the impulse theory, 
was assumed to be of the form of a semicylinder on the LPW blade. 
Its moment of inertia was then calculated assuming it to rotate about 
the centreline of the blade. Its final angular velocity was that of 
the LPW. Each blade's added mass was thus imagined to be left rotat-
ing in the LPW exit flow. A summation of the rotational kinetic 
energy thus left in the water, gave the power lost in this way. 
This method indicated that this is a negligible power loss 
during normal craft operation, usually being less than l% of the total 
power consumption. (Results calculated by this method are, however, 
included in the results of Table 13.6 for full-sized LPW craft power.) 
4.14 TOTAL POWER, PROPULSIVE EFFICIENCY AND EFFECTIVENESS 
The total power input to the LPW, P., could be assessed by 
J_ 
summing the known power requirements and losses described in the 
foregoing sections. Such a method would give: 
P. 
J_ 
where P. input power expected 
J_ 
p power for thrust or propulsion (4. 32) T 
(4. 43) 
p 
lost power lost in horizontal KE of the water 
PL power used for lift 
p windage loss in the LPW's 
w 
p power lost in 
spray spray (not yet assessed) 
p 
rot 
power lost as rotational KE in the water. 
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This approach assumes all losses are known. It is used in power 
calculations in the design procedure of section 13.5.2 and in 
section 9.8 assessing experimental power measurements. 
More conventionally the power input to the LPW may be expressed: 
where P. 
l 
P. 
l 
power to the wheel 
(4. 44) 
average tangential force assumed to be acting 
at the blade tip, calculated from wheel torque 
Vt blade tip velocity relative to wheel axis. 
(While it would be more realistic to assume a larger force acting 
at the smaller radius to the centre of pressure of the blades, the power 
equations following are unaffected by the above form.) 
The useful propulsive, or thrust power used by the LPW may be 
written (from 4.32): 
where PT 
T 
v 
0 
TV 
0 
useful thrust power 
thrust force 
speed of advance. 
And from (4.44) and (4.32) the propulsive efficiency, n, can be 
expressed: 
n 
From this relation it appears possible for n to be greater 
. Vo . 
(4. 45) 
than the velocity rat1o, v- , as long as T 1s greater than Ft but 
since T is the average hortzontal component of Ft it would not exceed 
Ft. (See Figure 4.29.) 
If we assume, however, that all the force at the blade tips 
acts uniformly through the actuator rectangle in the (useful) hori-
zontal direction, as assumed in section 4.3, so that T = Ft, then 
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from Fig.l.B: 
v 
0 n ~ (4.46) 
vt 
This may be taken as an ideal efficiency. This is the most signifi-
cant limit to LPW operation: the propulsive efficiency cannot be 
greater than the velocity ratio. Thus the greater this ratio, or the 
less slip or skidding that exists between the blades and the water, 
the greater the propulsive efficiency. Wheels should therefore be 
operated in such a way as to minimise slip, for maximum efficiency. 
This conclusion is in agreement with the above section 4.11, dis-
cussing LPW power allocation. 
4.14.1 A Note on the Presentation of Efficiency Curves 
Many authors (Helm, Beardsley, Volpich and Bridges), when 
plotting paddlewheel propulsive efficiency results, have plotted 
them against a horizontal axis of Froude Number or velocity ratio 
in a similar manner as has been done in this project. However they 
have consistently produced their results by keeping the tip speed, 
Vt' fixed while varying the speed of advance V
0
• Such a course of 
action produces confusing results since the efficiency plot then 
runs from the displacement mode at low values of velocity ratio (or 
high values of slip) through the transition zone and sometimes into 
the planing mode, often producing peak efficiencies at very low 
values of thrust in the region of the transition zone. (See for 
example one of Helm's figures in Fig.4.30 related to the probable 
wake formations occurring.) 
Such results are unhelpful and especially confusing when a 
different tip speed Vt is chosen to define the velocity ratio as it 
then begins to produce peaks and troughs in the efficiency curves 
which are caused by the transition zone wave formations, but which 
cannot be equated directly with plots of different tip speeds or 
different size wheels, at different velocity ratios. 
This project has always presented efficiency results on a 
velocity ratio axis composed by keeping the speed of advance V 
0 
constant while varying the blade tip speed, Vt. 
4.14.2 LPW Propulsive Effectiveness 
The first order momentum analysis (section 4.3) and the form 
for the ideal efficiency (equation 4.46) assumed that the thrust force 
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Twas equal to the blade tip force Ft. ·clearly as shown in F;ig:4.29 
Ft will not always act horizontally so that through most of a blade 
passage and especially at entry Ft > T. However a wheel which has 
the greater proportion of force on the blade throughout the blade 
passage as useful thrust will be a more effective propulsor. 
Beardsley therefore defines the blade effectiveness factor: 
(1) (4.47) 
which he claimed was "useful .... to compare test performance under 
various operating conditions with the ideal." From (4. 45) and (4. 47) 
a further useful form may be derived: 
(4. 48) 
After the velocity ratio, wheel effectiveness is the most import-
ant factor as the limit to LPW performance. It is valuable, then, to 
examine a major property of wheel effectiveness. 
4.14.3 Effectiveness Decline At High Velocity Ratios 
Having stated that the velocity ratio should be as high as 
possible for a high propulsive efficiency it is worth examining the 
Vo 
practical upper limits to which v- can be taken. 
t 
As velocity ratio is increased and approaches unity the blade 
path begins to look like Fig.4.31. At entry the blades are moving 
forward relative to the water, at the bottom of their passage they 
move rearward, and at exit they are once again moving forward. At 
some stage the blades will begin to trip on their own cavity edge 
Vo . . 
as they leave the water, thus creating drag. So, as v- lS 1ncreased 
there will come a point where the drag of the blades l~aving the 
water outweighs the thrust force created by them. 
The result of this is that for low velocity ratios the effective-
ness will remain high so that the efficiency curve as shown in Fig.l.9 
will be a large proportion of the velocity ratio. As the velocity 
ratio increases, however, the nett thrust in expression (4.47) is 
reduced by this blade drag as compared with the tangential force, so 
1. Beardsley, P.l3 
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that the effectiveness falls, causing the efficiency curve to fall 
away from the ideal, as shown in the figure, Fig.l.9. 
In order, then, to operate the LPW at high efficiencies, ways 
need to be found to keep the wheel effectiveness high at high 
velocity ratios. 
PART B 
4.15 LPW WAKES 
LPW operation has been divided into four areas which are related 
to its forward speed: stati~ displacement mode, transition zone, and 
planing mode. The latter three of these are distinguishable by the 
type of wake formed by the wheel. 
As with ship wakes, LPW wakes may be usefully described in 
terms of the dispersive theory of surface waves in deep water. Here 
the principal relation is: 
where v 
v = rgy:. /2TI 
velocity of the wave 
A wavelength of the wave 
g gravitational acceleration. 
(4.49) 
A moving ship creates waves of all wavelengths and so, by this 
relation, all wavespeeds. Waves moving more slowly than the ship 
reinforce obliquely to the line of motion in the wake. Waves moving 
faster move away ahead and are of such a small amplitude as to be 
largely unnoticed. Waves moving at the speed of the ship appear as 
stationary waves along its hull, such as its bow wave train. This is 
also true for the lone LPW moving through the water. 
Like a ship, the LPW reinforces waves that are of a wavelength 
in some way related to its action or dimensions. For a ship these 
are waves of length close to the waterline length of the ship. For 
the LPW, these favoured waves are related to the immersed waterline 
length, the shape of the immersed part of the wheel, and appear to 
be enhanced by bowsplash and the kick up of spray by the blades 
leaving the water. 
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As the LPW increases speed from rest in the displacement mode 
the length and amplitude of the waves travelling with it also increase 
until a state is reached where the wheel is moving at the wave speed 
of the waves it generates preferentially. Then the wave amplitudes 
become large and the LPW sits in the forward part of the trough of the 
wave it has created. This is shown in Figs. 4.32, (A) - (D), and 
Fig.l.5. This is the trough condition of the transition zone and 
because of the small mass supply to the rotor in this condition, forces 
generated by the blades are small. In passing, it may be pointed out 
that it should be possible to arrange the wheelbase length of the LPW 
craft to make the wave train from the front wheels cancel the wave 
train of the rear wheels under trough conditions in order to retain 
traction through the transition zone. 
At higher speeds than the transition zone the dimensions, shape 
and action of the LPW no longer enhance the amplitude of the waves 
travelling with it, and may even oppose their formation. Now the 
long wavelength waves, being of relatively small amplitude are barely 
noticeable, and the wheel wake comprises only shorter wavelength waves 
travelling obliquely to the path of the wheel. This is shown in 
Fig.4.33. This, then, is the planing mode of operation, and as noted 
below is closely analogous to the wake of a planing boat. 
4.15.1 Blade Passage and Wake Formation 
The wake of the LPW is, of course, formed by the action of the 
LPW blades and not by the wheel as such. The wake could possibly be 
analysed as if it were the wave train caused by the rapid action of 
an endless series of disembodied blades. It has however been found 
quite satisfactory to consider the wheel itself as a solid body, as 
long as it is rotating fast .enough. This has been confirmed by tests 
using a solid cylinder of the same dimensions as the LPW (as described 
in Chapter 10) where it was shown that the wakes formed by the two 
types of wheel were essentially no different in terms of displacement 
transition and planing wave trains (see Figs. 4.32 (D) and 4.34). 
4.15.2 The Transition Zone 
There is a recognised transition parameter used in the design 
of water craft which is chosen as the point where the planing type 
of wake begins to predominate over the displacement type, and where 
dynamic forces become significant as compared with hydrostatic forces. 
l300B/l6A 
FIGURE 4.32(A): DISPLACEMENT WAKE, BEFORE TRANSITION ZONE. 
STD.WHEEL, d/D 
n = 2 rps 
= 0.17, V0 = 0.4 m/s, Fr = 0.26, 
\MOTION 
lJOOB/l2A 
FIGURE 4.32(B): TRANSITION ZONE WAKE; TROUGH CONDITION. 
STD.WHEEL, d/D = 0.25, V0 = 0.76 m/s, Fr 
n = 2 rps 
0.49, 
3-

FIGURE 4. 32 (C) : 
1300E/l3~ 
FIGURE 4. 32 (D) : 
632/25A 
STROBOSCOPIC PHOTOGRAPH: TROUGH CONDITION OF 
TRANSITION ZONE. V0 = 0.79 m/s, Fr = 0.51, 
Fx = 0.59, d/D = 0.17, STD. BLADE DIMENSIONS, 
¢ = 45°, n = 6.4 rps SUBCRITICAL FLOW 
MOTION\ 
LPW SIZED CYLINDER CREATING TRANSITION WAKE. 
V0 = 0.76 m/s, Fr = 0.49, Fx = 0.57, d/D = 0.17, 
n = 2 rps 
FLOW 
\ 
l300B/2A 
FIGURE 4.33: SHOWING THE OBLIQUE WAKE OF THE PLANING MODE BEFORE 
BOWSPLASH. 
d/D = 0.25 
STANDARD WHEEL, V0 = 1.72 m/s, n = 2 rps, 
\MOTION 
1300E/18A 
FIGURE 4.34: THE SOLID CYLINDER IN THE PLANING MODE, PRODUCING 
THE OBLIQUE WAVE TRAIN. NOTE THE "BOWSPLASH" AND 
THE EXTRA WAVEFRONT IT PRODUCES. V0 = 1.72 m/s, 
n = 3.5 rps, d/D = 0.17 
3-
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This is where the Froude Number for boat waterline length may be 
given by: 
where V 
0 
v 
0 
/gil 0.75 
speed of boat 
g gravitational acceleration 
~ 1 boat waterline length. 
(4. 50) 
Boats which are designed to operate with Froude Numbers greater 
than this are normally planing craft which make use of the dynamic 
forces present to reduce hull resistance. 
Beardsley identified the transition zone for his paddlewheels 
apparently without relating it to the formation of waves, or to the 
transition from displacement to planing found in fast water craft. 
He described it as the speed of advance where " ... the supply of mass 
flow changes from chiefly gravity-fed to chiefly horizontally entrain-
ed." (1) He also pointed out that beyond the transition zone 
" ... the speed of advance has become so great that the rotor is running 
away from the cavity before gravity-induced flow can supply it." (1) 
He decided upon what he called the Depth Froude Number to specify the 
transition zone and found its value by experiment: 
v 
0 1.5 to 2.0 ( 4. 51) 
F = !gd d 
where Fd depth Froude Number 
v speed of advance 
0 
g gravitational acceleration 
d depth of immersion 
A difficulty with this relation is that it suggests that wheels 
of different diameters immersed to the same depth would reach transi-
tion at the same velocity. 
Since waterline length and not draught is the dimension used 
to define the transition for boats, a transition Froude Number, F 
X 
1. Beardsley, P.20 
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was chosen for this project based on the waterline length of the 
wheel. It is found that this form seems more consistent in the 
real situation at larger wheel immersions, though for geometric 
similarity between wheels of different diameters it is necessary 
that they be compared only at a common immersion ratio, ~ 
This transition Froude Number is given by: 
v 
0 
F .; 2 g R, 
X 
From the geometry of the wheel (Fig.4.5): 
and 
so that further 
and 
where: 
R, = R sin 8 
./ d(D-d) 
forms of F are: 
v 
0 
d 
D 
F 
r 
R, 
F 
X 
F 
X 
F 
X 
F 
X 
X 
v 
0 
/g D sin 8 
vo 1 
rgi). 
F 
r 
/sin 8 
v 
0 
/sin 8 
/2g /d (D-d) 
speed of advance 
immersion depth 
wheel diameter 
Froude Number based on wheel diameter, D 
half the waterline length of the immersed 
part of the wheel (Fig.4.5) 
8 immersion angle. 
( 4 0 52) 
(4. 53) 
(4. 54) 
( 4. 55) 
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The range of values for F corresponding to Beardsley's 
X 
experimental depth Froude Number values: Fd = 1.5 to 2, is 
F 0.64 to 0.85. It is interesting to note that Beardsley's results 
X 
once converted to this new Froude Number form, based on wheel water-
line length, neatly span the transition parameter chosen for water 
craft mentioned above (expression (4.50), where F = 0.75). It is 
r 
felt that this helps to confirm the validity of the usage of the 
terms planing, displacement and transition in this project, terms 
which would normally be reserved for boat hulls. 
4.16 TESTING PADDLEWHEELS IN CHANNELS OF FLOWING WATER 
It was mentioned in the literature survey (section 2.3.2) and 
in the discussion of previous work on the LPW (section 3.4) that 
some paddlewheel and LPW tests have been carried out in channels of 
flowing water rather than under the more ideal conditions of the 
wheel being moved through still water. Such less-than-ideal test 
conditions have been employed usually because better facilities were 
not available. It is of some value to re-examine the validity of 
these flowing water tests in the light of the importance of the wheel 
wave trains and the transition from displacement to planing as out-
lined by this project. 
4.16.1 Waves and Flow in Channels 
The important elements relating waves and channel flow are as 
follows: 
(i) Wave velocity of deep water surface waves (i.e. waves in water 
with depths greater than their wavelength) is related to the 
wavelength by relation (4.49). 
(ii) In shallow water there is an upper limit to wave velocity, 
and hence also wavelength, which is related to the depth 
by the relation: 
where V 
c 
v 
c 
critiDal velocity 
g = gravitational acceleration 
h still water depth. 
(4. 56) 
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(iii) In shallow water, waves of all wavelengths below this upper 
limit may exist (above a capillary wave lower limit of 
0.23 m/s). Figure 4.35 shows the transition between the 
linear theories describing shallow and deep water waves. 
(iv) Water flowing in a channel has two regimes of flow: 
(a) subcritical flow, where the water is moving relatively 
slowly and is deep enough so that the waves of interest 
may travel up or downstream from any disturbance; 
(b) supercritical flow, where the flow is shallow so that 
its velocity is greater than the wave speed of any 
wave on its surface. This flow is turbulent in the 
interior. 
(v) Between these two regimes there is flow of critical velocity 
where waves of the largest wavelength that can be formed 
travel at the same speed as the flo~ becoming standing waves. 
(vi) Near this critical flow velocity, the amplitude of the standing 
waves is very sensitive to small disturbances, and even small 
changes in water depth can cause the flow to become super-
critical. 
4.16.2 Modelling Wakes in Flowing Water 
It can be concluded from Fig.4.35 that if water is deep enough 
not to affect the velocity of the largest wavelength waves expected, 
there is little difference between the wheel moving in infinitely deep 
water, or water as shallow as half the wavelength of the waves. (1) 
For the LPW the longest waves of interest are generated at transition 
and their wavelengths may be found from expressions (4.52) and (4.49) 
and the fact that F = 0.64 to 0.85 at transition. These depend on 
X 
the wheel immersion depth, but by way of example for a wheel immersed 
to its axle expression (4.56) and Fig.4.35 indicate that the water 
d depth should be at least 2.3 D; at D = 0.1 water depth may be 1.3 D. 
Similarly if water of these depths is flowing in a channel with 
a velocity well below critical velocity there will be little difference 
between the wave train of a stationary tested wheel in the flow, and 
a wheel moving over still water at the same speed. 
1. Lighthill, P.217 
1 
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FIGURE 4·35 THE WAVE SPEED c GIVEN BY LINEAR THEORY 
FOR WAVES OF VARYING LENGTH A. ON WATER OF UNIFORM 
DEPTH h . NOTE THE TRANSITION BETWEEN THE DEEP 
WATER VALUE (gA./2n:r AND THE - LONG - WAVE VALUE (gh~ 
(Ref, Lighthill p. 217 Fig. 52) 
FIGURE 4 ·36: THE LPW \N SUPERCRITICAL FLOW IN THE 
GLASS-SIDED TANK. NOTE THE RISE IN THE WATER 
SURFACE AT THE WHEEL . Std LPW with sideplates, 
V0 =2·85m/s, D/d=0·19, n=6·6rps, V0 /Vt=0 ·5Z 
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If, however, the depth of the water is small with respect to 
the largest waves in the wave train the flowing water no longer 
models the situation of the wheel in still water. Certainly displace-
ment, trough and planing wakes may occur but the speed of the flow 
can no longer be scaled by Froude scaling alone to represent the 
wheel in open water. Further, different components of the wake will 
have different velocities with respect to each other because waves 
of different wavelengths are differently affected by the water depth. 
If the flow velocity approaches critical velocity wave ampli-
tudes will be excessive (by (vi) above) and once again this will not 
model the open water case. The presence of a test wheel in such 
flow can also induce it to become supercritical. 
On the other hand if the depth and velocity of the flow are 
such that it is supercritical to begin with, it may be used to model 
the LPW in its planing condition. Several items need to be kept in 
mind if this is done: 
(1) If the water is shallow it may be moving at a speed lower 
than the planing speed of the wheel in open water. Tests in such 
flow would show the wheel to be in the planing mode at a velocity 
where over still water it would be in the displacement mode or 
transition zone. 
(2) The depth of such flow should be such that the velocity of 
the oblique waves expected in the wake is not limited. 
(3) Blockage effects occur in supercritical flow as shown by the 
rise of the water surface in Fig.4.36 of supercritical flow in a 
glass-sided flume. 
(4) Since supercritical flow is turbulent, small-scale effects 
such as flow around blades may not be reproduced as well as they 
would in still water. 
It is clear that as long as the LPW wakes are closely represent-
ed in the flowing water tests measurements of its forces will also be 
representative of those in the open water case. 
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Tests in flowing water, then, have certain disadvantages when 
compared with tests in still water. They do however have the 
advantage of continuous testing and with care, and a proper awareness 
of wake formations, can give useful test results. 
This project began by conducting tests in flowing water, and 
some of the photographic studies were carried out in narrow channels 
of flowing water. Fortunately, though, most of the testing and wake 
studies could be carried out with still water facilities. 
4.17 CONCLUSION 
This chapter, though long, has introduced new material in both 
the LPW impulse theory and the maximum velocity expressions, to 
better describe analytically the generation of forces by high speed 
paddlewheels or LPW.'s. These theories are compared with experiment 
in Chapter 9. It has also related LPW wakes to boat wakes and identi-
fied the displacement, transition and planing wakes for LPW's. 
It is felt that in these areas it has made a useful contribution 
to the understanding of both high speed paddlewheels and LPW's. 
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CHAPTER 5 
EXPERIMENTAL APPROACH: THE FORCE BALANCE, TEST LPW's 
AND THE TESTING TANKS 
5.1 INTRODUCTION 
Since the 1977 and 1978 data were found to be in error in 
respect of the thrust measurements (1) , it was necessary to do the 
tank tests again. The force balance was therefore redesigned to 
again fulfil the data acquisition aim as expressed by the secondary 
and tertiary aims (see section 3.6). 
The force balance and tanks were the mechanical parts of the 
total measuring system and are described in this chapter. The 
other parts of the measuring system, the instrumentation, data logging, 
data processing and data plotting are described in Chapters 6 and 7. 
A line diagram of the path of the data through the measuring system, 
from the LPW to the plotted presentation of the results, is given in 
Fig.5.1 and this summarises the information in these three chapters. 
The work of this chapter then fulfils the tertiary aims of 
Fig.3.10, parts Al and A2. 
5.2 THE MEASURING SYSTEM REQUIREMENTS_ 
In tests like these with a large number of variables (as shown 
in Table 1.4, Chapter 1) it is necessary to fix as many as possible 
within known narrow limits and measure the variation of the others. 
Different experimenters select different variables to measure, but 
in this case it seemed easiest to measure the forces alone, fixing 
the external conditions of speed of advance, V , speed of rotation, 
0 
Vt' and immersion depth, d; as well as the conditions of the test 
wheel itself, such as its diameter D, blade angle¢, span and chord 
s and c, and its number of blades, B. 
The ideal measuring system as seen for this project then, was 
one where the force balance would support the LPW with these selected 
wheel conditions, at a chosen immersion depth and a fixed rotational 
speed, and run it over a still water surface at a known speed of 
advance. At a selected time when conditions were suitably steady, 
1. Section 3.4, section 5.9.2 and Alexander 1977 
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TABLE 5.3: 
DIMENSIONS: 
WEIGHT: 
MOUNTING: 
POWER AT SHAFT: 
RATED POWER: 
SHAFT SPEED: 
SHAFT DIAMETER: 
FORCE SENSORS: 
LIFT: 
THRUST: 
FORCE BALANCE SPECIFICATIONS 
HEIGHT: 900 mm LENGTH: 900 mm WIDTH: 260 mrn 
- 35 kg 
HOLES VERTICALLY IN LINE ON 3 INCH CENTRES 
110 W max. 
340 w 
1500 rpm max. 
15 mm, LENGTH: 78 mm OUTSIDE BALANCE. 
(VERTICAL) RANGE ±20 N, PROTECTED BY STOPS AT 
±25 N. 
RESONANT FREQUENCY: - 5 Hz 1 DAMPED TO ONE 
ZERO CROSSING. 
FULLY BALANCED SECTION. 
RANGE OF MOVEMENT: 0.7 mm VERTICALLY BETWEEN STOPS. 
(HORIZONTAL) .RANGE ±20 N, PROTECTED BY STOPS 
AT ±25 N. 
RESONANT FREQUENCY:-10 Hz, DAMPED TO ONE 
ZERO CROSSING. 
UNBALANCED SECTION, SENSITIVE TO HORIZONTAL 
ACCELERATIONS. 
RANGE OF MOVEMENT: 0.5 mm HORIZONTALLY BETWEEN 
STOPS. 
RANGE: ±1.4 Nm PROTECTED BY STOPS AT ±1.7 Nm. 
RESONANT FREQUENCY : - B Hz , DAMPED TO ONE 
ZERO CROSSING. 
UNBALANCED SECTION, SENSITIVE TO VERTICAL AND 
HORIZONTAL ACCELERATIONS. 
RANGE OF MOVEMENT: 0.5° ROTATION BETWEEN STOPS. 
All force sections sense force with strain gauges mounted on both 
sides of Aluminium cantilever elements. 
MAX. STRAINS ALLOWED - 750 ps units. 
All force sections can be locked for transport. 
MAX. RANGE OF SHAFT MOVEMENT ALLOWED BY FORCE SENSORS: 0.9 mm. 
FORCE CALIBRATION: BY WEIGHT ON THREAD FROM CALIBRATION 
ATTACHMENT POINTS, AND OVER CALIBRATION 
PULLEY. 
IMMERSION SETTING: RANGE 120 mm 
TACHOMETER: 
ADJUSTED WITH HEIGHT ADJUSTMENT SCREW 
LOCKED WITH LOCKING SCREW. 
MAKE AND BREAK CONTACTOR ON LPW SHAFT. 
19 MAKE-BREAK CYCLES PER SHAFT REVOLUTION. 
IMMERSION DISPLACEMENT TRANSDUCER: TEN-TURN POTENTIOMETER OF 
DEPTH GAUGE: 
20 k ......._RESISTANCE GIVING - 50 ..--./mm DISPLACEMENT 
BETWEEN MOUNTING BEAM AND I~lliERSION BEAM. 
LINEARITY: WITHIN 0.5 mm. 
MOUNTED ON ARM ON LIFT BEAM. 
CAPACITANCE TYPE (See section 6.2.2). 
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FIGURE 5.2: THE FORCE BALANCE 
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FIGURE 5.6: THE LIFT SENSING CANTILEVER ELEMENT AND YOKE 
(SEE ALSO FIGURE 5.11) 
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simultaneous measurements would be made of the lift and thrust forces 
and the torque of the wheel. From such measurements the ideal data 
record would be a short list of quantities which would be comprised 
of both the values of the preset conditions and the values of the 
measured forces. The total performance picture for steady conditions 
could be built up by plotting the data from repeated runs over the 
water each with one of the preset conditions altered. 
5.3 THE FORCE BALANCE 
The force balance used in this project evolved from the one 
used in the 1977 and 1978 work and inevitably carried some redundant 
fittings from its past. In its final form, shown in Fig.5.2 it was 
the major component of the measuring system which compared well in 
practice with the ideal outlined above. The major deviation from 
this ideal was that the wheel rotational speed could not be preset, 
so this also had to be measured as a variable, along with the torque 
and forces. 
Operating specifications for the force balance are given in 
Table 5.3. 
5.4 FORCE BALANCE OPERATION 
Since the force balance developed into a complex-looking piece 
of equipment its functions are described separately. A simplified 
schematic of its overall operation is shown with Fig.5.4. 
5.4.1 The Lift Force Section 
The lift sensing section of the apparatus is outlined in Fig.5.5. 
The lift beam was attached to the immersion beam by a four-bar link 
system. This allowed the lift beam, and all that was attached to it, 
to move vertically, parallel to the immersion beam. The weight of the 
lift beam and its attachments was balanced by the counterbalance weight. 
The vertical movement of the lift beam caused deflection of the 
small cantilever element1 which was fitted with strain gauges to indi-
cate its strain, and hence the vertical lift force. This element is 
shown in detail in Fig.5.6, and described later in section 5.4.5. 
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No end loads could be transmitted to this cantilever element 
as it had a ball bearing fitted to its free end which could move 
freely in the yoke on the lift beam. The total range of vertical 
movement of the lift beam was 0.7 mm and limited by stops. This 
range of movement represented forces from -25 N to +25 N with the 
particular lift sensing element used. 
5.4.2 The Thrust Force Section 
The thrust or propulsion force sensing section of the apparatus 
is shown in Fig.5.7. It was a four-bar link arrangement similar to 
the lift sensing section but at right angles to it to measure the 
horizontal component of the wheel force. No counterbalance weight 
was used as the weight of the thrust beam and its attachments was 
hanging on the links. However this meant that the thrust sensing 
section was sensitive to horizontal accelerations. 
The cantilever force sensing element, fitted with strain gauges 
and a ball bearing on its free end, was of the same design as the one 
used for the lift sensing section. It was attached to the lift beam 
and the yoke engaging the ball bearing on its free end was attached to 
the thrust beam. Total horizontal movement of the thrust beam and its 
attachments was limited to 0.5 mm, and again this represented a force 
range from -25 N to +25 N. 
5.4.3 The LPW Motive Power 
The test wheel was mounted on a horizontal shaft which was 
driven through an enclosed right-angle drive of 2:1 reduction by a 
340 W Black and Decker electric drill. The drill was incorporated 
into the torque beam as noted in Fig.5.4, and the standard drill 
power cable was replaced by more flexible, light wiring which was 
fixed to the balance in such a way as to have a minimal influence 
on the force sensing sections. Once this wiring left the force 
balance it was kept remote from the instrumentation wiring, to reduce 
interference. 
The electric drill was powered from a Variac which can be seen 
on the Rating Car floor in Figs.5.28 and 5.29, and this allowed the 
operator to vary the LPW speed at will. 
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5.4.4 The Torque Sensing Section 
The torque sensing section of the apparatus is shown in Fig.5.8. 
The torque beam was pivoted about the LPW shaft centre on a large ball 
bearing in the thrust beam fork, as shown in Fig.5.9. It was consider-
ed important that the bearings for the torque beam should not be 
mounted on the shaft itself since this would add the LPW shaft bearing 
friction to the measured torque. The torque beam was held almost up-
right by the torque sensing element (Fig.5.8). No practical counter 
balance weight was possible, so this section was sensitive to horizontal 
and vertical accelerations. The sensing element was originally intended 
to be a direct tension or compression element but the cantilever 
arrangement shown in Figs.5.8 and 5.10 was finally adopted as being 
more reliable and sensitive in practice. It was fixed to the thrust 
beam, and its free end moved between a pair of ball bearings on the 
torque beam so that no end loads could be transmitted to it. The total 
range of movement of the torque beam was 0.5° and this represented a 
torque range from -1.7 Nm to +1.7 Nm. 
5.4.5 Cantilever Force Sensing Elements 
The cantilever elements, as shown in Fig.5.11 and photographed 
in Fig.5.6,were designed to give the optimum balance between the 
following three requirements: 
(i) minimum possible apparatus deflection on the 
application of the measured force, 
(ii) maximum possible strain in the cantilever element 
without permanent distortion, 
(iii) highest possible natural frequency for the apparatus. 
Minimum deflection meant that small changes in the apparatus 
geometry, which resulted from the application of a force at the wheel, 
would not significantly effect the wheel's position nor introduce 
noticeable non-linearities or mutual interference between the sensors. 
Maximum strains meant that the sensors would have a good 
sensitivity, producing large signals in the strain gauges for the 
application of small forces. Also for this reason the strain gauges 
were attached to both sides of the cantilever elements, and wired 
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into the strain gauge bridges to make signals additive. 
A high natural frequency for the apparatus meant that resonances 
in the apparatus could be filtered electrically from the signals pro-
duced, while the filters still allowed the system a reasonably fast 
response time. For example, the lift sensing section was calculated 
to have a mechanical resonant frequency of about 5 Hz with the final 
cantilever element design. With sharp cut-off filters (see section 
6.3.1) resonances at this frequency in the signals could be reduced to 
negligible proportions (-26 dB) while the system response time remained 
at about 0.5 sec. 
Aluminium was used for the cantilever element material as it 
gave larger strains for the limited space and forces being measured. 
Dimensions are given in Fig.5.ll. 
5.4.6 Damping 
Small needle roller bearings were used on the link pivots and 
these were found to be very satisfactory low friction bearings, 
especially with the vibration caused by the wheel and the motor. 
However, this vibration and mechanical noise meant that the apparatus 
required mechanical damping to stop long term oscillations occurring. 
For this reason dashpots were incorporated into the balance, as shown 
schematically in Fig.5.12. The thrust and torque dashpots were of 
the side-to-side type. All three dashpots had oil as the working 
fluid, and the viscosity of oil in each one was adjusted so that the 
response of each section was a little less than critical damping. 
(Damping is further elaborated in section 6.3.1). 
5.4.7 Immersion Setting 
Vertical height adjustment of 120 mm was provided by means of 
the height-adjustment screw on the mounting beam (see Fig.5.12). This 
raised or lowered the immersion beam and the rest of the apparatus 
attached to it. Once the wheel immersion was set, the immersion beam 
was locked to the mounting beam by a locking screw also shown in 
Fig.5.12. 
Greater height adjustment than this could be accomplished by 
remounting the whole apparatus on the next holes provided in the 
mounting beam. 
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5.5 FORCE SENSOR CALIBRATION 
The electrical sections of the measurement system (discussed 
fully in section 6.2.1), namely the strain gauges, the strain gauge 
bridges, amplifiers and filters were subject to small scale tempera-
ture and time drift as well as being susceptible to unpredictable 
breakdowns in the wet environment around the LPW. In addition to 
this the cantilever sensing elements themselves could be overstrained 
under some extreme circumstances. For these reasons it was necessary 
to recalibrate the force sensors at regular intervals during the 
testing programme. 
Two levels of calibration were used: 
1. The original alignment calibrations. 
2. The in-practice calibration. 
5.5.1 The Original Alignment Calibrations 
These involved balancing the strain gauge bridges, and applying 
a known force to each sensor in turn, first in one direction then the 
other. This process was carried out to determine the calibration 
factor to be used to multiply the value of the output voltage from the 
strain gauge amplifiers to arrive at the known applied force. This 
was a relatively long-winded task and originally involved checking the 
linearity of each sensor over the whole operating range as well. 
(See Appendix 2.) 
Thrust: For the original alignment thrust calibration the thrust 
beam incorporated a calibration attachment point noted in Fig.5.13 
horizontally in line with the top of the calibration pulley. Positive 
thrust calibration involved hanging a known weight on a thread over 
an external pulley in line with this attachment point; and negative 
thrust calibration used the calibration pulley on the balance in a 
similar way (Fig.5.14). Note that the calibration pulley was attached 
to the immersion beam so that for calibration purposes it could be 
considered as external to the balance. 
Torque and Lift: The torque beam incorporated a calibration bar with 
an attachment point vertically below the edge of the calibration pulley 
groove, as also shown in Fig.5.13. By passing a thread from this 
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attachment point and over the pulley to a known weight, both a known 
negative torque and a known positive lift force could be produced. 
(See Fig.5.15). Measurement of the moment arm of the calibration bar 
was required before the torque sensor could be calibrated. 
To calibrate for positive torque and negative lift the weight 
was simply hung on the calibration bar attachment point. 
These alignment calibrations were undertaken with considerable 
care both before and after the major series of tank tests. This 
briefing and debriefing procedure not only produced a set of appropriate-
ly accurate calibration factors, but also brought to light any signifi-
cant peculiarities of the force balance system. (See Appendix 2.) 
5.5.2 The In-Practice Calibration 
The in-practice calibration was simpler and quicker to perform. 
It involved zeroing each sensor's output, then hanging the calibration 
weight over the calibration pulley on a thread attached to the other 
calibration attachment point on the torque beam as shown in Fig.5.13. 
This method applied midrange loads to all three sensors simultaneously. 
The actual forces applied were calculated after measuring the angle of 
the thread to the vertical, and the moment arm length to the shaft 
centre. 
The advantage of this method was that it provided a quick check 
on the functioning of all the sensors, gave their calibration factors, 
and one data record could contain the calibration data for all three 
sensors at once. The disadvantage was that it was a little less 
accurate than the original alignment calibrations, though tests showed 
the two methods to give calibration factors within ± 0.5% of each other. 
This was adequate for the purposes of these tests. 
During tank tests the in-practice calibration was performed at 
the beginning and end of each day's testing, and any discrepancies 
between the two calibrations were dealt with during the subsequent 
data processing, (Part C, Fig.5.1 and section 7.4.2.) 
5.6 FORCE SENSOR ZEROING 
The force sensors, being strain gauges, needed to be rebalanced 
regularly to allow for the small scale amplifier drift and temperature 
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effects. As well as this, the amount of water clinging to and splashed 
on to the force balance affected zero readings, as did changes made to 
the test wheel, or extreme loads applied to the apparatus. For these 
reasons, as well as those affecting the force calibrations, it was nec-
essary to keep a regular check on zero force readings. 
During the tank tests the force zeros were registered at the 
beginning of each group of runs by balancing the strain gauge bridges 
then recording the close-to-zero values produced. At the end of the 
runs, or at any time it was felt necessary, a recording of what should 
still have been zero values was made, and the bridges rebalanced. Any 
significant discrepancies between a pair of zero force recordings was 
dealt with by linear interpolation in the subsequent processing of the 
data recordings (Part C on Fig.5.1 and section 7.4.1). 
In practice it was found necessary to regularly check on the 
zero values and when this was done zero shift could readily be kept to 
insignificant proportions -about 0.5% of the rated force range, or 
within ± 0.1 N. 
5.7 FORCE BALANCE PROBLEMS 
Any complex system will have its running problems, so the most 
important ones encountered with the force balance are outlined here, 
while a thorough examination of sources of error is contained in 
Appendix 2 and a summary of sensor errors is contained in Table 7.9. 
5.7.1 Thrust Calibration Error 
This error meant that for most of the duration of the project 
recorded values of thrust force were 6.1% too great. The error was 
caused by the gain adjustment on the strain gauge amplifier. This 
introduced a discrepancy between the original alignment calibration 
and the original calculation of the in-practice calibration factor 
during the early bench testing of the apparatus. The error was per-
petuated until the final, thorough debriefing calibration procedures 
brought it to light. Some concern was felt that this sensitive gain 
adjustment may have introduced intermittent errors during the tank 
tests but a careful examination of the in-practice calibration factors 
gave no indication that this had occurred. This error is discussed 
more fully in the introduction to Appendix 4, and at the end of 
Appendix 2. 
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5.7.2 Minor Design Faults 
Six design difficulties caused minor problems during the life 
of the force balance: 
1) The thrust and torque sensing sections, unlike the lift sensing 
section of the apparatus, were not balanced units, with the result that 
accelerations or bumps given to the force balance during operation 
caused erroneous readings to be recorded. In practice this ceased to 
be a problem when the Kainga tank was used, as long as velocity condi-
tions were kept steady. 
2) Aluminium was used for the cantilever sensing elements. Since 
this material does not have a linear stress-strain relationship the 
aluminium remained slightly strained after the application of large 
forces. This meant that the sensor would not quite return to indicating 
a zero force after such an application. Errors however were small, and 
became negligible with proper management, as discussed under Experimental 
Procedures, section 6.4. 
3) The gearbox and shaft bearings were necessarily close to the 
LPW. This meant that during tests, especially at deep immersions, 
spray was thrown against this portion of the apparatus from the LPW 
as shown in Fig.5.16. While measurements suggested the effect on the 
measured forces to be negligible, a better design might have avoided 
the situation. 
4) The dashpots were designed with small internal clearances and 
sideplay in the force balance bearings occasionally allowed the parts 
to touch. This was normally immediately apparent as force readings 
would not return to zero, and then the apparatus could be readjusted 
for free play. 
5) The electric drill used to power the LPW was found to be 
inadequate for tests with the large, 383 mm diameter wheel and over-
heating limited the data that could be collected in such tests. 
6) The sliding faces between the immersion beam and the mounting 
beam were not machined flat during construction. This meant that the 
apparatus tilted slightly (about 0.05°) for different immersion 
settings, and because of the unbalanced nature of the torque and thrust 
sensors, caused small zero force errors in these sensors. These force 
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errors amounted to about 0.15 N and O.OlNm and were normally negligible. 
5.7.3 Running Faults 
During the course of the tests some breakdowns occurred. The 
most significant of these were: 
1) The perspex spray cover used over the LPW, occasionally jammed 
the thrust force sensor, if it was not properly in place. It is shown 
in Fig.5.29. 
2) A thrust sensor strain gauge came loose from the cantilever 
element, and a tachometer wire broke inside the tachometer housing. 
These were readily fixed, but each caused the loss of a day's testing. 
3) The torque beam bearings (Fig.5.9) showed a tendency to stiffen 
with time, causing some concern but very little actual error. 
5.7.4 Conclusion For The Force Balance 
The force balance was a complex piece of apparatus and there-
fore susceptible to some minor faults. While a simple system might 
have been devised the system used adequately fulfilled its intended 
function. 
5. 8 THE TESTED LIF'riNG PADDLEWHEELS 
5.8.1 The Wheel Size 
The wheel used for most of the tests in this project was close 
to 0.242 m in diameter (see Figs. 5.17 and 5.18). This wheel size was 
chosen mainly because the force balance and wheel were available from 
the 1977 tests and had been designed to fit the university flowing 
water tank (see section 5.9.1) which was to be used for this project's 
tes·ts as well. 
Beardsley recommended, however, that test paddlewheels should 
be a minimum of 0.3 m in diameter. (1) This is about 20% larger than 
this project's test wheel. Beardsley's recommendation was based in 
part on his own tests with a small diameter wheel and in part on the 
results of Wray and Starrett's tests with a 0.127 m wheel. (2) 
Beardsley, however, regarded his own results with small wheels as 
1. Beardsley, P.l5 
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inaccurate because of the small forces involved and while in Wray and 
Starrett's results degradation of performance was recorded, there are 
a number of reasons other than its small size as to why their wheel 
demonstrated a poorer performance than others (these were noted in 
section 2.2.5). 
With this uncertainty surrounding the effects of wheel diameter 
the alternatives were to build a wheel sufficiently large to avoid 
scale effects or to retain the available equipment, and investigate 
the effects of size in a test series. The only indication of how 
large wheels had to be to avoid scale effects came from the work of 
Volpich and Bridge (1) who found no discernable difference in the per-
formance of wheels 0.518 m and 1.04 min diameter, so that a wheel of 
0.5 m in diameter would be required. This was too large for the 
testing tank it was intended to use, and it also would have made tests 
at high Froude Numbers difficult. It was decided therefore to develop 
the equipment from the 1977 tests, retain the wheel size of 0.242 m 
and examine the effects of wheel diameter. The test series examining 
these effects is discussed in section 9.4.4. 
5.8.2 The Standard Test Wheel 
The lifting paddlewheel used for the tests was generally 242 mm 
in diameter with a blade span of 76 mm and chord of 25 mm. It is 
shown in Figs. 5.17 and 5.18. This was the same wheel as used in the 
1977 project (2) and was geometrically similar to the 153 mm diameter 
wheel tested in the 1976 preliminary investigations (3) (Fig.3.1). 
The wheel disc was designed so that it could be used with 2, 3, 
4, 6, 8 or 12 evenly spaced blades. Each blade was attached to its 
leg by a single screw which could be loosened to allow adjustment of 
the blade angle, and tightened sufficiently to hold the setting while 
the wheel was operating. 
The jig used in 1977 for setting the blade angles (Fig.5.19) 
was retained and continued to give a blade-setting accuracy of better 
than ± 1° whenever it was checked. 
The geometry of the wheel was arranged to minimise diameter 
changes with changes in blade angle, but for a practical design some 
1. Volpich and Bridge, Part II, P.467 3 .• Alexander, 1976 P.4 
2. Alexander, 1977, P~22 
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diameter variation was inevitable. The wheel diameter for each blade 
angle is tabulated in Fig.5.18 and whereas the range of variation is 
only 0.75% of the total diameter this error is increased to 3% in 
coefficient calculations, so must be kept in mind. 
This standard wheel was used for all the tests, with flat blades 
of all chords and spans, and with blade angles from 0° to goo. The 
wheel was reversed to test for flat blades with blade angles between 
goo and 120°. 
A summary of the wheels tested with flat blades is contained in 
Table 5.20 and the results for wheels with flat blades are discussed 
in Chapter g. 
5.8.3 Other Wheels Tested 
While the majority of tests undertaken were with flat bladed 
wheels, and the theory in Chapter 4 concerns only flat bladed wheels, 
a number of tests were conducted examining the effects of shaped blades, 
as well as some examining a variety of wheel variants. For most of 
these tests part of the standard wheel structure was used. The curved 
blades simply replaced the flat blades on the standard wheel spokes; 
the wheel disc was used with the cylinder, tractor tyre, Rollercraft 
wheels and the large diameter, 363 mm LPW. Perspex sideplates were 
readily mounted on the shaft itself, on small hubs for tests using 
sideplates, and the small, 153 mm diameter wheel had its own hub. 
A summary of these other wheels tested is given in Table 5.21 
and the results for wheels with other than flat blades are contained 
in Chapters 10 and 11. 
5.g TESTING TANKS 
The LPW force balance was used to take measurements in three 
different tank systems during the course of the project. Although 
the final reliable results were obtained, eventually only from the 
Ministry of Works and Development (MWD) instrument calibration tank, 
the others are described as the difficulties encountered were 
instructive. 
5.g.l The Flowing-Water Tank 
The 1g77 and lg78 work used the large concrete flume in the 
Civil Engineering Department's Fluids Laboratory (earlier Figures 
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TABLE 5.20: SUMMARY OF FLAT-BLADED WHEEL TESTS 
(Standard wheel dimensions: D=242, s=76, c=25; Fig. 5.18) 
WHEEL NO. DESCRIPTION ANGLES 
FULL OR 
CODE BLADES .SHORT TEST 
(A) THE REFERENCE SERIES OF TESTS: 
6 6 STANDARD WHEEL 242 mm 60° FULL + EXTRA 
6 6 II II II 45°,75°,90° FULL 
6 6 II II II 0°,15°,30°,120° SHORT 
(B) THE WHEEL SIZE SERIES: 
6.25 6 SMALL 153 mm 60° SHORT 
10 6 LARGE 383 mm 60° SHORT 
(C) THE NUMBER OF BLADES SERIES: 
3 3 60° FULL 
4 4 60° SHORT 
8 8 60° SHORT 
12 12 60° FULL 
(D) THE CHORD AND SPAN SERIES: 
9 6 SPAN = ~ CHORD = t 60° SHORT 
2.75 6 II l 60° SHORT 
7.25 6 II 2 60° SHORT 
8.5 6 SPAN = l CHORD = 1 60° FULL 4 
2.25 6 II t 60° FULL 
5.25 6 II 2 60° FULL 
9.25 6 SPAN = 2 CHORD = 1 60° SHORT 2 
9.5 6 II l 60° FULL 
5.75 6 II 2 60° SHORT 
(E) THE 3-BLADED CHORD & SPAN SERIES: 
3.75 3 SPAN = l CHORD = 1. 60° SHORT 2 
3.25 3 SPAN = l CHORD = 2 60° SHORT 
(F) THE MISCELLANEOUS SERIES: 
6.5 6 SIDEPLATES ON STD. WHEEL 60° FULL 
l 6 3 BLADES @ 45°, 45/90° 3 BLADES @ goo 
SHORT 
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TABLE 5.21: TESTS OF OTHER TYPES OF WHEELS 
(Full dimensions given in Figs.l0.3,ll.lO,ll.lg,ll.23) 
WHEEL NO. 
ANGLES FULL OR CODE BLADES DESCRIPTION SHORT TEST 
(A) THE CHORDWISE-SHAPED BLADE SERIES 
l. 25 6 -~ » 75°,105° SHORT 
7.75 6 
,_ 
Same as l. 25 but goo SHORT 
~ with holes. 1.25 6 goo FULL 
l. 75 6 \ goo, 105° SHOR~ 
6 .• 7.5 6 ~ 45° SHORT 
7,5 6 II goo SHORT 
ll 6 _; semicircle 135° FULL 
(B) THE TRACTOR TYRE SERIES ~ 7 15 TRACTOR TYRE FORWARDS, goo FULL 
4.75 15 TRACTOR TYRE BACKWARDS goo FULL 
(C) THE ROLLERCRAFT SERIES 
5 12 KEARSEY'S ROLLERCRAFT WHEEL SHORT -¢ = 215 mm 
5.5 12 METAL IMMITATION OF 'V goo SHORT ROLLERCRAFT . 
......._....... 
(D) THE SOLID CYLINDER SERIES 
0 - SOLID CYLINDER, STANDARD 
- FULL DIMENSIONS 
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3.7 and 5.16). This measured 9 m long by 0.86 m deep and 1.1 m wide. 
It could be made to pass the full flow of the Fluids Laboratory pumps 
which amounted to almost 0.425 cumecs (15 cusec). The speed of flow 
was limited to about 5.7 m/s by the 2m height of the header tower 
at the tank inlet. Below this speed, the water depth, velocity and 
type of flow could be controlled by gates at either end of the tank, 
as well as by the inlet valve, and constrictions placed in the flow. 
The 1977 project used subcritical deep flow up to 1.7 m/s and 
supercritical, shallow (0.1 m) flow at 2,36 m/s. This flow can be seen 
in the tank during the 1977 tests in Fig.3.7. 
5.9.2 The Abortive 1978 Tests 
Two of the main recommendations forwarded by the 1977 project 
were that: (1) 
(1) Reliable power measurements were necessary, and 
(2) it would be advantageous to find out if efficiency 
improved with speed as seemed to be the case from 
the 1977:tests. 
For these reasons the 1977 force balance was considerably altered 
during 1978 so that it could now measure the LPW torque as well as 
lift and thrust forces (Fig.5.23). Also attention was given to ob-
taining the highest practicable water speeds for a test series. 
The MWD stated that its facility was limited to speeds of 
3.7 m/s. The Fluids Laboratory flowing water tank gave 5 m/s at a 
depth of about 70 mm. In order to get an adequate depth of flow a 
300 mm wide channel was designed by the author (Fig.5.24) to fit into 
this tank, and after the eventual addition of curved entry plates 
speeds of 5 m/s of supercritical flow with depths of 230 mm were 
achieved. 
However there were a number of disadvantages with this arrange-
ment, the main ones being that the oblique standing waves on the water 
surface, while only about 20 mm in height, were significant for the 
LPW tests, and as well as thisr, any high speed tests necessitated a 
complete take-over of the Fluids Laboratory in terms of pump power, 
water supply, noise and mess. 
1. Alexander, 1977 P.66 & P.67 
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The initial runs at this full capacity produced a set of con-
sistent results, but analysis produced efficiencies of up to 130% which 
necessitated a careful examination of the fundamental design of the 
force balance. It was at this stage that the basic design fault 
mentioned in section 3.4 was brought to light. This meant that the 
thrust results for these high speed tests as well as for all the 1977 
tests were erroneous. 
In theory these earlier results could have been retrieved from 
the recorded data, but after some considerable effort it was found that 
in practice the accumulated errors of the measured forces rendered the 
calculated thrust values irretrievable. The force balance was again 
redesigned, and the subsequent test programme necessarily repeated ~he 
1977 tests. 
5.9.3 The Fluids Laboratory Static Tank 1979 
Since it was now necessary to repeat all the LPW tests it was 
decided to try to avoid the uncertainties of flowing water and aim to 
use still water tanks for all tests. As the redesigned force balance 
system was intended for use with an expensive Solartron data logger 
it was seen as important to keep the equipment within the university 
if possible. For these two reasons an attempt was made to use another 
tank system available in the Fluids Laboratory. 
The tank considered was the long flume normally used with flow-
ing water for sediment transport studies. This tank had a useable 
length of 20 m, was 0.8 m deep and 0.6 m wide, and was spanned by a 
crude trolley which ran on rails along the length of the tank. The 
tank was levelled, filled with water, and the trolley was motorised 
with a variable speed electric motor. The equipment and force balance 
were mounted on it and a power supply cord was arranged. (See Fig.5.25.) 
A week was spent ironing out the usual problems and attempting to ob-
tain sensible results. Only a few consistent results could be acquired. 
The trolley rails had never been intended for this purpose; they were 
not flat or smooth and the consequent jolting of the force balance 
rendered the torque results meaningless. 
These tests also had to be abandoned. 
5.9.4 The MWD Rating Tank at Kainga 
The presence of this excellent facility 20 kilometres from the 
university was one very fortunate aspect of the project. Such a tank 
210 . 
FIGURE 5 . 26: TWO VIEWS OF THE TESTING TANK AT KAINGA; . 
TOP, FROM BESIDE THE RATING CAR, AND BOTTOM 
FROM THE OTHER END OF THE TANK . THE RATING 
CAR CAN BE SEEN STRADDLING THE TANK IN THE 
BOTTOM VIEW . 
5 . 10 
FIGURE 5.27: THE RATING CAR AT THE KAINGA TANK WITH THE 
FORCE BALANCE MOUNTED ON THE BACK 
BUFFER AND 
CONTROL UNIT ---
SOLARTRON 
DATA LOGGER--------
VARIAC TO 
POWER LPW MOTOR ---
717/23A 
FIGURE 5.28: SOME OF THE INSTRUMENTATION AND DATA LOGGING 
EQUIPMENT ON THE RATING CAR 
STRAIN GAUGE 
AMPLIFIER 
DIGITAL 
VOLTMETER 

213. 5.10 
could hardly have been more ideal. 
The indoor tank itself is close to 50 m in length, 1.83 m wide 
and 1.83 m deep (Fig.5.26). It is used by the Ministry of Works and 
Development for calibrating river flow meters. For this purpose an 
electrically driven "Rating Car" (Fig. 5. 27) spans the tank and runs on 
rails along its sides. The Rating Car was originally designed to 
travel at speeds up to about 7.3 m/s but this speed cannot be reached 
safely since the tank is only half its original design length of 100 m. 
Nevertheless speeds of 5 m/s can usefully be achieved within the 
present tank length, (which is contrary to the original information 
that the maximum speed was 3.7 m/s). 
The speed of the car can generally be controlled to within very 
narrow limits, and an accurate measuring device gives a papertape out-
put which can be used to calculate the car speed to an accuracy of 
within 3 mm/sec. Unfortunately, because of a fault in the Rating Car 
control system at the time of the tests, the speed of the Rating Car 
could not be predetermined to better than ± 5% of a selected speed, 
although once set, the speed remained constant within narrow limits. 
This meant that some variation from the five selected speeds chosen 
for the tests had to be tolerated. 
The Rating Tank building also houses a well equipped workshop 
where the staff repair and maintain the instruments. 
Formal permission for use of the facility was arranged in June 
1979 and tests were conducted intermittently for over a year as and 
when the tank became available from its routine work. 
5.10 THE FORCE BALANCE AT THE KAINGA TANK 
The equipment for the LPW tests had to be mounted on the Rating 
Car in such a way that it could readily be removed at the end of each 
day's testing, so the tank could be used for its normal purposes. The 
electrical equipment was stored on the Rating Car itself and presented 
no problem, Fig.5.28. 
The force balance required a specially built frame to allow it 
to be mounted on the standard fittings at the rear of the Rating Car 
(Fig.5.27). Its attachment and removal were brief tasks, and storage 
space was provided for the balance, still attached to the frame, beside 
the tank. 
214. 5.10 
It was stipulated that spray should be kept off the tank rails 
to prevent their rusting, so a perspex guard was constructed to cover 
the LPW, as shown in Fig.5.29. Some concern was felt that spray might 
rebound from this guard and interfere with the LPW action, but obser-
vations of it at high wheel revolutions indicated that the spray spread 
over the inside of the guard and left it at the sides and rear. 
Clearly, though, the guard prevented air drag effects which were 
examined separately with the wheel out of the water. 
Tests in this tank at speeds of 5 m/s and 3.71 m/s were diffi-
cult to perform since the steady speed could only be maintained for a 
few seconds in which time one or possibly two data recordings could be 
made. (Each recording took 2.75 sec.) This necessitated a large 
number of runs for very little data. However, because of minor problems 
with the car control unit, the Officer-in-Charge limited test speeds 
to 2.5 m/s after the first few days of testing. Fortunately a repre-
sentative set of high speed data had been obtained at this stage, and 
the lower speed limit was sufficiently high for the test wheels to be 
well into their planing mode of operation. 
One of the conditions of use of the facility was that 
operation of the car could only be performed by MWD staff, and it was 
much to the advantage of the project that the technicians concerned 
were entirely helpful, interested and encouraging. 
FIGURE 5.29 : ANOTHER VIEW OF THE FORCE BALANCE MOUNTED 
ON THE RATING CAR . THE PERSPEX SPRAY COVER 
ENCLOSES THE LPW 
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CHAPTER 6 
INSTRUMENTATION, DATA ACQUISITION AND' 
EXPERIMENTAL PROCEDURES 
6.1 INTRODUCTION 
6.2.1 
This chapter covers three areas. The first describes the 
instrumentation, the electromechanical devices other than the force 
balance itself, which were developed and used as parts of the 
measuring system. The second describes the data acquisition equipment 
forming the train from the instruments to the punched papertape record, 
and the third describes the procedures used at the testing tank in 
taking measurements and getting them on to this record. 
This chapter completes the description of the equipment and 
procedures used at the testing tank. The next chapter, Chapter 7, 
outlines the data handling process from the papertape record produced 
at the testing tank to the data plotted in graphical form. 
This process fulfils the tertiary aims of Fig.3.10, part A2. 
6.2 INSTRUMENTATION 
Since the Solartron data logging unit was used and this was 
set up to read analogue rather than digital signals, all instrumenta-
tion was designed to produce analogue signals of either -lOV to +lOV 
or OV to lOV. 
6.2.1 The Strain Gauge Units 
As noted in section 5.4.5 and Fig.5.ll, the force sensing 
cantilever elements were each fitted with a temperature compensated 
strain gauge of 2 mm gauge length on each side. The pair of strain 
gauges was wired into the terminal box in the quarter-bridge configura-
tion so that the two signals were additive, making a more sensitive 
instrument. The wiring from each cantilever element was arranged on 
the force balance so as to have as little influence as possible on 
the movement of the sensing sections, and it was securely fastened 
to the immersion beam at its exit point so that no movement of the 
wiring leading from the apparatus could influence the force readings. 
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As shown in Fig.6.1 the terminal boxes lead to the Kyowa 
six-channel strain gauge amplifier where the bridges could be balanced 
(thereby zeroing the force balance sensors), and the calibration 
factors set, using the gain controls. In practice, there was no need 
to adjust the gain of each amplifier as the calibration factors varied 
little from test to test, and the in-practice calibration procedure 
determined the exact calibration factors for each day's testing. 
The Kyowa amplifiers offered a constant voltage or constant 
current output and the constant current varying voltage option was 
chosen and these signals fed into the Buffer and Control Unit. 
6.2.2 Immersion Depth Gauges 
Two depth indicators were used during the tests. One is shown 
in Fig.6.2 and the other can be seen in Fig.6.3. The 
first was developed by the author as a water depth measuring instru-
ment for use with the LPW in water with a relatively unstable surface, 
such as the high speed flowing water channel, described in section 
5.9.2, where it would be necessary to get an immersion depth reading 
at the moment of force measurement. 
It worked as a capacitance meter, with the water acting as one 
capacitor plate, and gave a linear voltage output for a linear change 
in immersion. The circuitry for this unit is contained in Appendix 1, 
Fig.Al.l. Since the changes in immersion of the sensor plate gave 
changes in capacitance of only picofarad magnitudes it was not possible 
to run long leads from the sensor capacitor plate to the circuitry 
without introducing spurious capacitance effects in them on the way. 
For this reason the circuitry was mounted ~s close as possible to the 
plate itself and it can be seen in Fig.6.2 mounted on the plate in a 
sealed perspex box. 
The capacitance probe itself was made of standard p.c. board 
with copper on one side only. The copper was used as one plate of 
the capacitor and water as the other. The copper was insulated from 
the water by a thin sheet of mylar. The plate was protected from 
splashes from the wheel as the copper surface was on the side of the 
p.c. board away from the LPW, as shown in Fig.6.2. 
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The unit pivoted on its mounting pin so it could trail in 
the water, and its immersion could be adjusted to suit each test 
wheel zero immersion level, using the thrumbscrew between its upper 
and lower mounting points. 
Its mounting arm was attached to the lift beam. This meant 
that its drag would not be recorded by the thrust sensor, but changes 
in immersion of the gauge would cause its buoyancy force to be added 
to the lift force. This was tolerable as it amounted to 0.06 N 
maximum. 
While this gauge worked well under static conditions its 
response time to a step reduction in immersion was long (2 sec.) for 
large changes in immersion (60 mm) instead of the 0.5 sec. required; 
since a water film tended to cling to its surface. In flowing water 
it set up its own small wave train which caused a slight variation 
in the immersion reading depending on the velocity of the flow. As 
well as this, it was noted in the flowing water tests (see section 
5.9.1) that the surface level at the gauge, which was placed 20 em 
to one side of the LPW itself, could be different than the level at 
the wheel, by up to 10 mm. 
For these reasons it could only be used with caution and 
although it was kept as a back-up throughout the Kaianga tank tests 
and was used to estimate wave heights in the tank, it was not 
normally used during the actual testing. 
The other indicator shown in Fig.6.3 did not measure water 
immersion. It was simply a displacement transducer in the form of 
a ten-turn potentiometer, attached to the immersion beam, with its 
shaft rotated by a fine wire which was looped around it and connected 
to the mounting beam. In practice, the force balance zero immersion 
position was set by the height-adjustment'screw (Fig.5.12) so that 
the wheel was just touching the water surface, and then the potentio-
meter was turned by hand, its shaft slipping in the wire loop, until 
the voltage reading it gave at the Buffer and Control Unit represented 
zero immersion. Any subsequent changes in immersion of the wheel, as 
set by the height-adjustment screw, rotated this potentiometer giving 
an immersion depth reading representative of the change. Checks of 
linearity and repeatability with this gauge indicated that in use 
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depth settings were normally made to within± 0.7 mm of the required 
setting. This was considered satisfactory. 
Clearly, readings from this gauge were not always representa-
tive of the actual immersion of the wheel, such as when waves or 
seiches were present in the tank. These proved to be a potential, if 
not actual source of large errors during the tests, since a difference 
in water level of 10 mm between the ends of the 50 m tank could cause 
force measurements to vary up to 25%. Normally, however, such errors 
were avoided by allowing the tank water to settle between runs, and 
then this gauge was an adequate indicator of the wheel immersion depth. 
6.2.3 The Tachometer 
As noted in section 5.3 it was necessary to measure the wheel 
revolutions since circuitry to control the wheel revolutions at fixed 
settings was not made in time for the project. A sketch of the mech-
anical components of the tachometer is given in Fig.6.4. It was 
essentially a rotating on-off switch which changed its state 19 times 
per wheel revolution. The rotating part was machined by the author 
from a Meccano gear which had had its teeth filled with Araldite, and 
it was attached centrally to a perspex mount on the end of the LPW 
shaft. One pair of phosphor-bronze wipers contacted the teeth and 
another pair contacted the gear hub. The whole assembly was sealed 
behind a perspex window as shown in Fig.6.5 where its condition could 
be readily observed. 
The circuitry which converted this switching into an analogue 
voltage was contained in the Buffer and Control Unit and was built 
round a frequency-to-voltage converter integrated circuit, with its 
associated components. The actual circuit is shown in Appendix 1, 
Fig .Al. 2. 
The instrument was checked for linearity and found to be 
within ± 0.4%; it was adjusted to give an output of 10 V for the 
maximum expected wheel speed of 26 rps. It performed well, though 
one lead broke, and it once needed cleaning when water penetrated 
the seal during the period of testing. 
6.2.4 Speed Of Advance Indicator 
A speed measuring device was necessary for use in the Fluids 
Laboratory tanks, especially for the large static tank described in 
section 5.9.3, where the trolley speed would not otherwise have been 
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known. For this purpose the instrument shown in Fig.6.6 was developed. 
This device was composed of the shaft and bearing section of 
one of the Department's propeller anemometers, combined with a suitable 
propeller from a small "Ott" river flow meter, borrowed from the work-
shop at the Kaianga Rating Tank. A black and white grid pattern was 
accurately transferred on to a rotating portion of the propeller shaft 
and this was scanned by a sealed optoelectronic, infrared, source and 
sensor module which gave a high-low signal output corresponding to the 
passing of the dark and light bands. This signal was processed by 
frequency-to-voltage circuitry similar to that of the tachometer, 
giving an output of 0 - 10 V for the range of expected water speeds. 
The actual circuitry is shown in Appendix 1, Fig.Al.2. 
The instrument was calibrated on the Rating Car at the Kainga 
tank in the same manner that the river flow meters are normally 
calibrated. 
It was mounted horizontally on a 19 mm diameter vertical tube 
which allowed it to be attached somewhere near the LPW operating point. 
At the Kainga tank it was connected to the force balance mounting 
frame which positioned it about 0.5 m to one side of the LPW and 
0.4 m below the water surface. Its mounting rod can just be seen to 
the left in Fig.5.27. 
Although it worked consistently in the Fluids Laboratory tests, 
and for a time at the Kaianga tank its calibration eventually began 
to vary, possibly with water getting into the scanning unit. Little 
attempt was made to get this working properly again as it served to 
indicate the approximate test speeds on the papertape records, and 
since these speeds were set, and accurately measured by the Rating Car's 
normal measuring device as a matter of course, and recorded in the 
test notebook, the instrument was simply retained as an often-necessary 
check on the written notebook records. The more accurate Rating Car 
speed measurements were written into the data records at the later 
data checking stage. 
6.3 THE DATA ACQUISITION SYSTEM 
The ideal data acquisition system was seen as one fulfilling 
the function described in The Measuring System Requirements (section 
5.2) which noted that at a selected time simultaneous readings would 
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be obtained from all the sensors and a record created in the system 
which would contain all the information relevant to the conditions of 
the LPW at that time. In practice such a record would contain the 
following ten items (numbered according to the channel assignments in 
the system): 
0) the date of the test; 
l) a code number for the wheel type under test; 
2) the blade angle; 
3) immersion depth; 
4) wheel rotational speed; 
5) thrust force ; 
6) lift force; 
7) torque; 
8) speed of advance; 
9) a code number indicating whether the record was of zero 
values, calibration values, or was an ordinary data record. 
All this information needed to be stored in some form so it could be 
processed later. 
In order to build up such a data acquisition system a survey 
was made of the existing data logging facilities available in the 
University. The Civil Engineering Department's Solartron Compact-33 
Data Logger was found to be operational and available during the anti-
cipated period of testing, and almost compatible with the requirements 
outlined above. 
This logger could drive a papertape punch and record the 
required ten channels of information on to papertape in 2.5 seconds. 
Such a period was seen as a suitably long time between recordings 
since, for example, if a change in wheel revolutions had been made, 
since the last recording, it allowed the force balance system to 
settle to the new conditions before the next recording was taken. 
However this meant that the measurements were not simultaneous 
and so the Solartron required the addition of a buffer in order that 
data could be stored at a much faster rate, and then be recorded at 
the speed of the papertape punch. Enquiries indicated that a Solartron 
buffer would be very expensive and would involve a long wait for 
delivery. The author therefore designed and built the Buffer and 
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Control Unit which, on the "Hold" signal, stored the ten channels of 
data and initiated the Solartron scan and papertape recording. This 
unit completed the practical data logging system from the sensors to 
the papertape record. A schematic of the system is given in Fig.6.7. 
This system was used for the flowing water experiments of 1978 
but this Solartron was unavailable from then on. There was however 
an older malfunctioning Solartron, Compact Series 2 Logger available. 
It was without a suitable case, needed aligning and drove an unaccept-
ably slow papertape punch (12 seconds for 10 channels of data). Since 
by this stage the data acquisition system was designed around the 
Solartron functions, and the force-balance was ready to be used, the 
author built a suitable case, checked calibration and alignment of the 
instrument and designed and built a suitable interface which allowed it 
to drive the original, fast Facit papertape punch. 
The final data acquisition system was similar to that shown in 
Fig.6.7 but used the Solartron Compact Series 2 Logger and employed an 
interface unit between the Solartron and the papertape punch. 
6.3.1 The Buffer and Control Unit 
This unit, designed and built by the author was a multifunctional 
unit. Its basic functions are outlined in Fig.6.7 and its actual cir-
cuitry is given in Appendix 1, Fig.Al.2 to Al.9. Its most important 
features are described below and the unit is pictured in Figs. 6.8 to 
6.11. 
Buffer Storage The buffer modules employed were sample-and-hold integra-
ted circuits (National LF398H). These devices operate in one of two 
modes. In the sample mode their output signal is the same as the input 
signal while in the hold mode the output signal remains fixed at the 
voltage value the input had, at the instant the hold signal was given. 
They normally operate at megahertz speeds but in this case were required 
to sample and hold signals for periods in the order of seconds. 
The associated circuitry was arranged to give them a (slow) 
response time of 1 /20 sec. which filtered out any spurious high 
1 frequency noise, and on the sample signal they were allowed /10 sec. 
to acquire the analogue data voltage level from the instruments before 
being given the hold signal. The Solartron scanner could then read 
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the voltage level in each module in turn. This took about 2.7 sec., 
in which time the signal levels in the modules we:r:e observed to have 
drifted about 2 mV; an acceptable amount in a range of 0 to 10 V. 
Six of these modules were used, three for the force and torque 
signals, and one each for the tachometer, depth gauge, and velocity 
meter. They can be seen on the circuit board in Figs. 6.10 and 6.11 
and their wiring is given in Appendix 1, Fig.Al.9. 
The other data channels had non varying signals (constant data) 
and did not, therefore need sample and hold modules. 
Constant Data Potentiometers There were twelve potentiometers in all. 
Four pairs were used for the coarse and fine adjustments that set the 
voltage levels on the four channels which contained the constant data 
for the test run. These were: (O) the date, (1) the code number for 
the wheel type, (2) the blade angle, and (9) the record status (data, 
calibration or zero). For example, wheel number six was the standard 
flat-bladed test wheel, so the constant data value chosen for this 
wheel was 6 Volts on the "wheel" channel, channel (1). 
The potentiometers can be seen in Fig.6.10 mounted on the 
aluminium mount at the rear of the figure. 
The remaining four potentiometers were used to control the 
automatic timer function, depth calibration, and tachometer and water 
speed sensor calibrations. All these potentionmeters could be 
accessed with a small screwdriver through holes in the top of the box, 
which can be seen in Fig.6.8. 
After some use it was found convenient to convert the coarse 
adjustment for the constant data potentiometers to multistop switches 
which made adjustment quicker. 
The Control Functions The front panel of the unit displaying :its 
control functions is shown in Fig.6.8. 
There were two modes of operation of; .the unit manual and auto-
matic and one of these was selected by the "Manual-Auto" switch. 
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In the "Manual" mode the sample-and-hold modules were manually 
made to sample or hold their signal by the "Sample-Hold" switch. In 
either mode the "Channel Selector" switch could select a channel for 
display on the front panel meter (or it could be fed to a digital volt 
meter from the "0/p" socket). In the hold mode the signal levels in 
each of the sample-and-hold units could be recorded by pencil and paper 
by reading each channel in turn, using the "Channel Selector" switch. 
This method was often used to check operation of the channels, 
and to display the force sensor strain gauge output signals when 
zeroing the strain gauge bridges. 
In the "Auto" mode the "Sample-Hold" switch became de-activated, 
and the "Continuous Sampling" switch and "One Shot Sampling" button 
could be used. Pressing of this button began an extended train of 
events shown in Fig.6.12. The timed period of the second timer was 
about 2.75 sec. which was sufficient for the papertape to complete 
the punching of the ten-channel record. 
In practice, then, when the operator felt conditions were right 
to make a data record, he simply pressed the button and in 2.75 
seconds the data was recorded on the papertape. At this stage any one 
of the values recorded could be observed on the front panel meter by 
selecting the appropriate channel with the "Channel Selector Switch", 
since the sample-and-hold modules remained in the hold mode until the 
button was pressed again. 
The logic diagram, and circuitry controlling these functions, 
is given in Appendix 1, Figs.Al.6, 7, 8 and 9. 
Electric Filters Filters were needed in the force sensor and instrument 
circuits to both eliminate electrical noise from the signals, and to 
ensure that all transducers had approximately the same response times. 
Similar response times were necessary to make certain that any tran-
sients recorded would be treated equally by all transducers, to give 
a valid record. 
The force sensor signals required sharp cut-off, low pass, 
active filters, (as noted in section 5.4.6) and the chosen design was 
a fourth order, multiple feedback, 0.1 dB, Chebyshev, active filter 
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with a gain of 10. This was constructed from an active filter design 
handbook. (l) Since the required response time at the signal output 
was 0.5 sec., each filter had to be matched to one of the force sensing 
sections of the force balance since each section had a different 
mechanical response time and resonant frequency and already contained 
a mechanical dashpot damper (section 5.4.6). This matching was 
accomplished by a process of trial and error in adjusting the filter 
resistor values until each sensor output gave a smooth, 0.5 sec. 
response to a step change in force at the LPW shaft. The sharp cut-off 
property allowed this 0.5 sec. response, while at the same time reduc~ 
ing any noise above 5 Hz by at least 26 dB. This meant that the 
majority of the resonances, mechanical noise and vibration from the 
force balance was effectively eliminated from the force sensor signals. 
The filter circuitry is given in Appendix l, Fig.Al.3. 
The tachometer and speed of advance instruments did not exper-
ience the vibration and noise as severely as did the force sensors so 
the filtering did not need to be so sharp. However to give the required 
response times and to reduce any electrical noise, 3rd order multiple 
feedback Chebyshev active filters were used. These are shown in 
Appendix l, Fig.Al.4. 
The capacitance depth gauge required only a passive filter 
circuit to give it the required response to a step increase in immersion. 
Although the filter was bypassed for a step decrease in immersion the 
response time could not be reduced below 2 sec. as the water left a film 
on the sensor surface, which only slowly shrank away. (This was noted 
above in section 6.2.2.) 
Fig.6.10 shows the inside of the Buffer and Control Unit. 
The front panel is to the right. The main circuit board with the six 
sample-and-hold modules is central and the board containing the three 
active filters for the force sensor inputs stands vertically to the 
left. The power supply section is at the front and the code and cali-
bration potentiometers are mounted on the frame at the rear of the 
figure. 
l. Johnson and Hilburn, P.l6, Table 2.9, P.3l 
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TABLE 6.14: PROCEDURE IN SETTING UP AND DISMANTLING 
EQUIPMENT FOR EACH DAY'S TESTING 
1. 8:00 am TURN ELECTRICAL EQUIPMENT ON TO WARM UP. 
2. MOUNT FORCE BALANCE ON RATING CAR AND CONNECT UP 
ELECTRICAL LINES. 
3. PREPARE TEST LPW AND MOUNT ON FORCE BALANCE. 
4. 8:30 am SET CONSTANT DATA POTENTIOMETERS. 
5. ZERO EQUIPMENT AND RECORD 6 ZEROES. 
6. SET DATA STATUS POTENTIOMETER TO INDICATE CALIBRATION. 
7. CALIBRATE FORCE SENSORS AND MAKE 6 RECORDS. 
8. REMOVE CALIBRATION WEIGHT AND MAKE 6 ZERO RECORDINGS. 
9. SET DATA STATUS POTENTIOMETER TO INDICATE DATA 
10. PERFORM TESTS (SEE FIG.6.15) 
11. 3:45 pm REPEAT CALIBRATION SEQUENCE, 5-8 ABOVE 
12. TURN OFF EQUIPMENT AND DISCONNECT. 
13. REMOVE FORCE BALANCE FROM RATING CAR AND STORE IT. 
14. TAKE PAPERTAPE FROM PUNCH. 
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The main circuit board and the filter board could readily be 
removed for servicing, and these are shown in Fig.6.ll. 
The rear panel, in Fig.6.9 shows the input sockets at the 
right and output socket to the Solartron at the left. The "Manual 
Bypass" button, at the upper left, allowed a papertape record to be 
initiated to record data already stored in the sample-and-hold modules 
by the manual "Sample-Hold" switch. This bypass was necessary under 
such circumstances since normal pressing of the "One Shot Sampling" 
button would cause the unit to take a new sample. However, this option 
was rarely used. (Circuitry for this, Appendix 1 Fig.Al.6.) 
6.3.2 The Solartron Data Logger 
A block diagram of the Solartron data logger function and the 
units used is shown in Fig.6.13. Because this instrument is so versa-
tile it can be difficult to understand, but once mastered it proved 
adequate for its task, the main malfunctions being operator errors. 
For high accuracy in voltage recording it needs to be calibrated, but 
for this project the accuracy was more than sufficient and the in-
practice calibrations of the force balance were all that was necessary. 
All recordings fed to the papertape from it were base ten 
four-digit numbers representing the voltages scanned by the scanner, 
and these were in integer form, the decimal points being left out to 
save punching time. 
6.3.3 The Interface for the Papertape Punch 
The Solartron (Compact Series 2 Logger) papertape punch driver 
unit (LU1967) was not compatible with the fast Facit papertape punch 
and drove instead a slow punch, recording the 10 channels of data in 
12 seconds. This length of time was seen as unacceptably long since 
it would mean that a large number of runs down the tank would be 
required to record sufficient data; this sort of tedious repetition 
was to be avoided when the tests required the services of MWD personnel 
to drive the Rating Car. 
An interface unit was designed and built by the author under 
pressure of time. Its functions were mainly to: 
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W:JfJNT N!-.XT 1\'lJEEL TO BE TESTED 
SET ZEROES 
ARRANGE FOR 
IMMERSION DEPTH 
TEST NOTEBOOK 
THE TANK 
SPEED 
FOR SENSORS TO SETTLE 
& EQUIPMENT 
No 
RETURN RATING CAR TO HEAD OF TANK 
CALCULATE SPEED AND RECORD IN TEST NOTEBOOK 
No 
RECORD ZEROES 
No 
No 
PROCEDURES TABLE 6.15 
FIGURE 6.15: BLOCK DIAGRAM OF TESTING PROCEDURES. 
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1. Convert the data from a BCD form to ASCII. 
2. Alter voltage levels of data and control signals. 
3. Invert the polarities of data and control signals. 
4. Create some necessary control signals between the 
two units. 
Once this interface was operational it gave trouble-free 
service throughout the series of tests, allowing the recording of 10 
channels of data in 2.85 seconds. 
The Facit papertape punch also operated without problems 
throughout the test series. 
6.4 THE EXPERIMENTAL PROCEDURE 
All the equipment and instrumentation used in the measuring 
and data logging system between the LPW and the papertape recording 
have been described. This section describes the procedure evolved 
for obtaining reliable data recordings. 
6.4.1 Setting Up 
Normally, testing at the Kainga tank involved the use of the 
facilities for a whole day. Table 6.14 shows the setting-up and 
dismantling procedure. Of note is the fact that the warm-up time for 
the electrical equipment needed to be about 30 minutes to ensure 
stability of the instrumentation between the time of calibration and 
data recording. Also note that recordings of zeros were made before 
and after the calibration procedures to indicate the presence of any 
hysteresis or jamming present in the sensing sections. 
6.4.2 The Testing Procedures 
The procedure used in undertaking test runs is given in Fig.6.15. 
Note that it incorporated the use of a written record in the test note-
book for each run down the tank. This record noted the speed of the 
Rating Car for the run once it had been calculated from the car's 
measuring device. This actual speed was slotted into the appropriate 
data records at the later data checking stage (section 7.4.3). 
This written record also included any observations made during 
the run, as well as notes on equipment conditions. 
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For each wheel tested a standard set of tests was carried out. 
This involved testing at five fixed immersion depths, and five fixed 
speeds of advance covering the range from the static condition, through 
the transition zone to planing speeds. Each run, at a fixed immersion 
depth and fixed speed of advance, also tested at a number of different 
wheel rotational speeds usually more than five. 
If a particular wheel was considered less important the test 
set covered only two immersion depths, instead of five, at the three 
intermediate speeds of advance. 
In a normal day's testing three wheels could be tested if a 
reasonable amount of time was allowed for the water to settle between 
runs. Sixteen to twenty runs were required for the full set of tests 
for each wheel, but this could be reduced to about ten for a shortened 
set. 
Over 1979 and 1980 twenty-five full days of testing were carried 
out at the Kainga tank, and over 40 different wheel configurations were 
tested. 
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DELIVER PAPERTAPE AND CARDS FOR "TRANSLATE" & "VIZCHECK" 
TO COMPUTER CENTRE FOR OVERNIGHT PROCESSING (Q2) 
COLLECT PRINTOUT FOR VISUAL CHECKINGj 
CORRECT IT No<$) 
lPm..JCH EDITING CARDS TO PROCESS DATA IN "VIZCHECK"j 
RUN EDITED "VIZCHECK" PROGRAMMEj 
No 0 CORRECT IT ? 
Yes 
SPLICE EDITED "VIZCHECK" PRO~RAMME INTO PROGRAMME 
"TRANSFERE" FOR COPYING OF DATA AND MAGNETIC TAPE (Q6) 
!cHECK PRINTOUT OF COPIED DATAl 
No K CORRECT IT 
? 
Yes 
-' RUN PLOTTING ROUTINE "ALTOGETHER" OVERNIGHT (Q6) I 
jCOLLECT PLOTS & PRINTOUT FROM COMPUTER CENTRE! 
CORRECT IT No ~ 
Yes 
CUT UP ROLLED PLOTS AND MOUNT ON CARDS 
OF 19-PLOT ASSEMBLAGES FOR EACH LPW 
FIGURE 7.1: THE DATA PATH FROM THE PAPERTAPE, PRODUCED AT THE TESTING 
TANK, TO THE COMPUTER-GENERATED PLOTS. 
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CHAPTER 7 
DATA PROCESSING, PLOTTING AND PRESENTATION 
7.1 INTRODUCTION 
Since the LPW tests involved many variables it was found 
necessary to use a large number of plots of the test data to adequately 
describe each wheel's performance. The data from the 1977 tests had 
been processed and plotted by hand and the experience made it clear 
that computer processing and plotting would be almost essential for 
an extended series of tests. 
This chapter describes the computer-assisted data processing. 
It outlines the path of the data through a number of computer pro-
grammes, from the papertape record produced at the testing tank to the 
final form where the data for each LPW is plotted on an assemblage of 
graphs which give a visual picture of the LPW performance. Fig.7.1 
shows this data path in block diagram form. (This is really an ampli-
fication of parts B, C and D of Fig.5.1 which showed the overall data 
path.) In this process the following 5 computer programmes were used: 
(l) 'TRANSLATE': which converted the data on papertape from 
ASCII to EBCDC and stored it for later processing. 
(2) 'VIZCHECK': which printed out, or processed and printed out 
the stored data from 'TRANSLATE'. 
(3) 'TRANSFERE': which transferred the processed data into the 
permanent magnetic tape storage. 
(4) 'LPWPLOT': which sorted through the stored data, selected and 
plotted the requested graph. 
(5) 'ALTOGETHER': which plotted the full assemblage of 19 graphs 
to describe a selected LPW's performance. 
All programmes were in FORTRAN except the first. 
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1 +2137 +5974 +5983 +3469 +0006 -0020 -0009 +0019 +0011 +0008 
2 +2138 +5973 +5984 +3469 +0007 -0020 -0009 +0018 +0011 +0009 
3 +2138 +5975 +5984 +3469 +0007 -0018 -0005 +0023 +0011 +0009 
4 +2138 +5975 +5985 +3470 +0007 -0019 -0006 +0024 +0011 +0010 
5 +2139 +5974 +598 4 +3470 +0007 -0018 -0004 +0024 +0011 +0009 
6 +2139 +5975 +5985 +3470 +0007 -1103 +1980 +2222 +0010 +9986 
7 +2139 +5975 +5984 +3469 +0007 -1106 +1990 +2232 +0011 +9987 
8 +2139 +5974 +5984 +3470 +0007 -1106 +1983 +2233 +0010 +9986 
9 +2138 +5975 +5985 +3470 +0008 -1109 +1987 +2234 +0010 +9986 
10 +2140 +5975 +5985 +3470 +0007 -1108 +1988 +2231 +0010 +9986 
11 +2139 +5976 +5985 +3470 +0007 -1107 +1991 +2232 +0010 +9986 
12 +2139 +5974 +5985 +3470 +0007 -1109 +1990 +2231 +0010 +9986 
13 +2140 +5975 +5986 +3470 +0008 -0023 +0002 +0022 +0012 +0010 
14 +2139 +5976 +5985 +3470 +0006 -0021 -0003 +0014 +0011 +0009 
15 +2139 +5976 +5986 +3470 +0006 -0020 -0005 -0005 +0005 +0003 
16 +2137 +5975 +5984 +3470 +0006 -0020 -0002 -0001 +0005 +0003 
17 +2138 +5976 +5985 +3470 +0006 -0021 -0007 +0017 +0011 +0010 
18 +2143 +5972 +5984 +8406 +0455 +0292 +0234 +0618 +0007 +1001 
19 +2145 +5972 +5984 +8408 +0594 +0449 +0361 +0922 +0006 +1000 
20 +2145 +5972 +5985 +8407 +0840 +0799 +0633 +1579 +0007 +1000 
21 +2144 +5970 +598 4 +8406 +1301 +1544 +1076 +2852 +0005 +0998 
22 +2145 +5971 +5985 +8407 +1723 +2242 +1572 +4208 +0005 +0999 
23 +2142 +5968 +598 2 +8405 +1971 +3206 +2125 +5622 +0003 +0999 
24 +2143 +5971 +5985 +8407 +2380 +4358 +2842 +6628 +0004 +1000 
25 +2144 +597 2 +5985 +8407 +2862 +5416 +3747 +6844 +0004 +1000 
26 +2142 +5972 +5983 +8406 +3117 +5898 +4134 +6802 +0003 +0998 
27 +2142 +5971 +598 4 +8406 +3021 +5869 +403a +68a2 +0004 +0999 
28 +2137 +5975 +5982 +6990 +0445 +0239 +0198 +0466 +0007 +0992 
29 +2139 +5976 +598 2 +6991 +0637 +0377 +03 24 +0709 +a006 +0993 
30 +2139 +5975 +5982 +6991 +0976 +0795 +0594 +1391 +0006 +0993 
31 +2139 +5975 +598 2 +6991 +1395 +1262 +09 20 +2248 +0006 +0992 
32 +2139 +5975 +5982 +6990 +1792 +1948 +1294 +3255 +0005 +0994 
33 +2139 +5975 +598 2 +6991 +2290 +3000 +2002 +5000 +0005 +0993 
34 +2139 +5975 +5982 +6991 +2997 +3722 +2481 +6038 +0004 +a992 
35 +2139 +5975 +5983 +6990 +3268 +5000 +3128 +6602 +0004 +0991 
36 +2139 +5976 +5982 +6991 +3888 +5637 +3 498 +6533 +0004 +0993 
'FIGURE 7.2: 10 CHANNELS OF INTEGER VOLTAGES AS READ BY PROGRAMME 
'TRANSLATE' FROM THE PAPERTAPE. THE RIGHT HAND COLUMN 
(IN BOTH FIGURES) SHOWS THAT ROWS 1-5 AND 7-17 ARE 
ZERO RECORDINGS, 6-12 ARE CALIBRATIONS, AND THE REST 
ARE DATA RECORDINGS 
r,tN!l I'D. D/IT!l \~I milL NO, IINGr,r.; OBP'PII Itt'S '1'11 RUS'L' f,I [i''L' 'l'OQX 10 vo SP/Illli 
1 21. 380. 6.000 60 .ooo 20 • ooa o.ooo -0.088 -0.036 0 .a64 0.014 o.ooo 
2 21.38 0 6 .oao 60 .aoo 20,000 a.aaa -0.088 -a .a36 a .a 61 0.014 a .000 
3 21. 3Ba 6.000 6a . aoa 2a • aoo 0,000 -0.079 -0.020 0.077 0.014 o.ooo 
4 21.38 0 6,000 60.0 00 20.000 0 .ooo -0.08 3 -a .o 24 0,081 0 .o 14 0 .ooo 
5 21. 380 6.000 60.000 20.000 0,000 -0.07 9 -o. 016 0,081 0.014 o.ooo 
6 21.38 0 6 .ooo 60 .ooo 20,000 0.000 -4.8 44 8.022 7.476 0,013 1a.ooo 
7 21. 380 6.000 60.000 20.000 o.ooo -4.857 8.062 7.510 0.014 10 .ooo 
B 21. 38 0 6.000 60.000 20.000 o.ooo -4.857 8.034 7,513 0,013 10.000 
9 21. 380 6.000 60. 000 20.000 0,000 -4. 871 8 .o 50 7,516 0. 013 10,000 
10 21. 38 0 6.000 60,000 20,000 0,000 -4.866 8 .o 54 7. 50 6 0.013 10.000 
11 21.300 6.000 60.000 20 • 000 0,000 -4.062 8.066 7.510 0.013 10.000 
12 21,38 0 6 .ooo 60 .ooo 20.000 0,000 -4.871 8.062 7.50 6 0.013 10.000 
13 21. 380 6,000 60.000 20,000 0,000 -0. 101 0.008 0,074 0 .015 o.ooo 
l4 21. 38 0 6,000 60.000 20 .ooo 0,000 -o .092 -0.012 0.047 0 .o 14 0,000 
15 21. 380 6.000 60.000 20 • 000 0,000 -0.008 -0.020 -o .011 0.006 0,000 
16 21, 38 0 6 .ooo 60 .a 00 20.000 0,000 -0,0 8 B -0.008 -0.003 0.006 0.000 
17 21. 300 6.000 60 • 000 20,000 o.aoo -0. a92 -0.028 a.a57 0.014 o.ooo 
18 21. 38 0 6.000 60 .ooo 96.800 1.184 1. 282 0.948 2.077 o.ooa 1. 000 
19 21. 380 6.000 60.000 96. 8 00 1. 546 1. 97 2 1.463 3,099 0 .ooa 1.000 
20 21. 38 0 6.000 60 .ooo 96.800 2.186 3. 509 2. 5 64 5.307 0 .oao 1. 000 
21 21. 380 6.000 60.000 96. BOO 3,386 6. 7 81 4.359 9.585 0. 000 1.000 
22 21.38 0 6.000 60 .ooo 96.800 4.485 9.846 6,369 14.142 0,000 1. 000 
23 21. 380 6.000 60.oao 96. 80a 5.130 14.0Ba 8.609 18.89 3 a.aoo l.Oao 
24 21. 38 0 6 .ooa 60 .a a a 96.800 6,195 19.139 11.514 22. 27 2 a .oaa 1. oao 
25 21. 38a 6.aao 60 • aaa 96. 8aa 7.449 23.7 86 15. 18a 2 2. 9 97 a.ooa 1. oao 
26 21. 38 a 6.000 6a.aao 96. 80a 8,113 25.903 16.7 48 22,855 a.aaa 1. oaa 
27 21,380 6.oao 6o.ooa 96,80a 7.863 25.7 75 16.327 22,854 o.ooa 1. oao 
20 21.38 0 6.oao 60.0 00 75 .o 2a 1.158 1.0 so a.sa2 1. 5 66 o.aoo Laoo 
29 21. 380 6.000 60. oao 75 .o2a 1. 658 1. 656 1.313 2. 38 2 a.aoo 1.000 
30 21. 38 0 6.000 60.000 75 .a 20 2.540 3. 491 2. 4 06 4 .673 0 .ooo 1. 000 
31 21. 300 6,000 60 • ooa 75,02a 3,631 5. 542 3. 7 27 7.551 o.aoo 1.000 
32 21. 38 a 6 .oaa 6a .oao 75. a 2a 4.664 0.555 5.242 10.9 33 a .aoa 1. 000 
33 21. 380 6.oaa 60. ooa 75. a20 5. 961 13.175 8.111 16.7 9 4 a.ooo 1.000 
34 21. 38 0 6 .ooo 60.000 75 ,02a 7.801 16.3 46 10 .o 51 20.27 9 a .aoa 1.000 
35 21,3Ba 6.aaa 60 • ooa 75,02a 8. 5a6 21. 9 59 12.673 22.172 o.ooa 1.000 
36 21. 30 0 6 .aoa 6a .oao 75 .a 2a la. 120 24.757 14.17 2 21. 9 4 a o.ooa 1.000 
·FIGURE 7.3: FULLY PROCESSED DATA FROM Fig.7.2 AS PRINTED OUT BY 
THE EDITED 'VIZCHECK' PROGRAMME. (DEPTH VALUES ARE 
GREATER THAN THE FIVE STANDARD VALUES AS LARGE 
IMMERSION WAS UNDER EXAMINATION IN THIS TEST) 
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7.2 PAPERTAPE PROCESSING 
Programme 'TRANSLATE' was written in ALGOL by R. Harrington of 
the Computer Centre, and it simply converted the papertape voltage 
recordings from ASCII to EBCDC, stored them on disc, and printed them 
out, numbered, in the form they appeared on the papertape (see Fig.7.2); 
ten channels per line and four digits per channel, in integer form, 
with a sign, and a space between each channel's data. 
7.3 VISUAL CHECKING OF DATA 
Programme 'VIZCHECK' read the integer voltage values stored by 
programme 'TRANSLATE', and multiplied them by preset conversion factors 
derived from the original alignment calibrations to give a data print-
out in the appropriate units as shown in Fig.7.3. The printouts from 
'TRANSLATE' and 'VIZCHECK' were then checked for obvious errors such 
as an incorrect setting of the immersion depth or indications of equip-
ment malfunctions, and were then used as the basis for the required 
data processing. 
7.4 PROCESSING THE DATA 
Earlier sections have pointed out the need for various forms 
of data processing before the final data storage or plotting. The 
data processing was required in the following areas: 
1. Elimination of significant zero errors in the force data. 
2. Adjustment of the force calibration factors according to 
the in-practice calibrations. 
3. Insertion of the accurate speed values from the Rating Car. 
4. Standardisation of constant data values, such as blade 
angles. 
5. Elimination of data acquisition system generated errors. 
All the data processing was done by editing and altering the 'VIZCHECK' 
programme. 
7.4.1 Zero Errors 
Section 5.6 discussed the reasons why the force sensor zero 
values tended to drift, and noted that frequent checks and recordings 
were made of these values. Any recorded zero force errors greater 
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than 0.1 N and any torque zero errors greater than 0.01 Nm were elimina-
ted in this processing stage. Two types of zero errors existed 
(i) Errors constant with time; 
(ii) Errors which varied with time. 
It was assumed that varying errors varied linearly between the two 
relevant zero recordings, and both types of zero errors were simply 
substracted from the recorded force values. 
7.4.2 Force Calibration Factors 
The calibration factors used to convert the force sensor voltage 
recordings to actual force values were derived from the test in-practice 
calibration procedure, as noted in section 5.5.2. Some care was taken 
in obtaining these calibration factors. The calibration procedure con-
ducted at the beginning and end of each day's testing (Fig.6.15) gave 
a data printout like the one shown near the beginning in Fig.7.2, from 
programme 'TRANSLATE'. About twelve recordings of the zero values and 
about six of the calibration values were made, and the force balance 
was shaken and vibrated between recordings so that hysteresis effects 
in the force sensors would show up in this output and could be averaged 
out. From these calibration and zero error recordings an average 
calibration factor for each force sensor was derived from the known 
magnitude of the applied in-practice calibration force. These calibra-
tion factors were then edited into the 'VIZCHECK' programme, correcting 
the original alignment calibration factors. 
If the calibration procedure at the tank produced different 
calibration factors for the beginning and end of the day's tests, 
the difference was qccommodated by a linear-interpolation of the calibra-
tion factors. Normally the calibration factors were within 0.5% of 
each other, and no interpolation was necessary. 
7.4.3 Speed of Advance 
The Rating Car speed for each run down the tank was recorded 
in the test notebook. With the assistance of the results recorded by 
the speed of advance indicator these accurate speed values were enter-
ed into the appropriate data records, replacing the less accurate 
values given by the speed of advance indicator. 
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7.4.4 Constant Data Standardisation 
The data that remained fixed for each data record, such as the 
date code, the wheel number, the blade angle, and the data status code, 
was read by the data acquisition system as voltage levels set by the 
potentiometers in the Buffer and Control Unit (section 6.3.1). Since 
the voltage levels varied a little in the millivolt ranges, these 
"constant" data values were not constant throughout a test. The plot-
ting program 'LPWPLOT', required single-valued data for these constant 
data in its sorting procedure, so it was necessary to standardise the 
values in the data record to the proper single-valued numbers. 
A similar procedure was required for the immersion depth trans-
ducer, though, as mentioned before (section 6.2.2) the actual immersion 
depth of the LPW may have varied quite markedly from the standardised 
recorded value. Consequently the immersion depth values recorded in 
the final data records were of the five preselected immersion depth 
values, rather than of the actual immersion depth values taken at the 
moment of data measurement. 
While five selected speeds of advance were set during the tests 
these were not always exactly achieved, as noted in section 5.9.4. 
However the actual speeds were measured reliably, so, rather than 
record the standard, preselected values as was done for the immersion 
depth data, the actual, accurately measured speeds were recorded. 
7.4.5 Data Acquisition System Errors 
Occasional transients in the mains voltage tended to trigger 
the Solartron to print a line of unrequired data. Data records such 
as these, and those recorded by mistake or including obvious errors 
were simply eliminated at this processing stage. 
7.4.6 Conclusion For Data Processing 
The processing procedure involved developing an edited form 
of the 'VIZCHECK' programme which included the required alterations 
so that its printed output was of fully processed error-free data 
such as that of Fig.7.3. Once this edited programme was running 
correctly the data was ready for permanent storage. 
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FIGURE 7·4: THE CO~PUTER-GENERATED PLOT AND DATA PRINTOUT PRODUCED 
BY PROGRAM " LPWPLOT ". 
.o 
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7.5 DATA STORAGE 
Data was stored at the Computer Centre on two magnetic tapes 
which were alternately updated with each day's test data, so that one 
always provided a backup if the contents of the other were lost in the 
copying process. The papertapes with their associated 'VIZCHECK' pro-
gramme cards provided the final backup should both magnetic tapes be 
lost. In practice no backups were required. 
Data was copied to the magnetic tapes by programme 'TRANSFERE' 
which was essentially the edited 'VIZCHECK' programme with the required 
Job Control cards for the copying procedure. 
The stored data did not include the data status code, the 
calibration or the zero recordings. Only records of actual test data 
were retained. Data was stored in the form that it was read in: nine 
channels or items of data in the usual order (as shown in Fig.6.7 or 
in section 6.3). 
During the copying process of new data to the magnetic tape 
records, corrections could be made to previously stored data which 
contained errors that had gone unnoticed during earlier processing 
procedures. Such errors were usually the incorrect assignment of 
speeds of advance to some records, and these errors became obvious 
in the plotting procedures. A catalogue of such corrections was kept 
to ensure that the data store contents was always known, or could be 
readily reconstructed if the backup storage was needed. 
Once stored, the data could be accessed as required by suitable 
sorting programmes. Two forms of data analysis were undertaken. One 
simply listed the data with calculated values of the coefficients 
associated with it. This form was not often used, and programmes to 
do this type of work were written as necessary. (For example section 
9.9.3 describes how practical force coefficients were developed from 
the data records.) 
The other form of data analysis produced the plots for visual 
interpretation. 
7.6 PLOTTING PROCEDURES 
To be comprehended the data needed to be presented in a graphi-
cal form sufficiently representative of the physical situation as to 
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TABLE 7.5: PROGRAMME SEQUENCE FOR "LPWPLOT" 
1. READ CARDS SPECIFYING THE REQUIRED PLOT. 
2. READ THE DATA STORED ON MAGNETIC TAPE, SELECTING THE 
REQUIRED DATA WITHIN THE SPECIFIED TOLERANCES. 
3. SORT SELECTED DATA INTO FAMILY MEMBER SETS AND ORDER IT. 
4. AVERAGE ANY CLOSELY-GROUPED DATA VALUES IN ONE FAMILY 
MEMBER SET. 
5. APPLY INTERPOLATING SMOOTHING ROUTINE TO CREATE A 50-POINT 
CURVE CONNECTING THE DATA POINTS. 
6. REPEAT 4 AND 5 FOR OTHER FAMILY MEMBERS. 
7. WRITE OUT ORDERED DATA ON PRINTOUT. 
8. DRAW UP PLOT AXES, LABELS AND DOCUMENTATION. 
9. PLOT DATA POINTS AS SYMBOLS. 
10. PLOT SMOOTHED CURVES BETWEEN DATA POINTS. 
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allow the effects of the variables to be readily compared. Since the 
University Computer Centre had on-line plotting facilities a data 
plotting programme with the following requirements was planned. It 
needed: 
(1) To be able to select the required data from the data storage 
tapes and put it in the required order for plotting. 
(2) To provide a large selection of axes against which the data 
could be plotted. 
(3) To have the facility to plot data in a "family" of curves. 
For example: a plot might contain five curves each 
representing the effects at a different immersion depth. 
(4) The members of the family group needed to be readily 
distinguishable. 
(5) To be able to select data within a given tolerance band, 
from the data store. 
(6) To be able to link the plotted data points with appropriately 
smoothed curves. 
(7) Each plot had to be self explanatory so that a large number 
of plots could be readily sorted out. 
(8) Plots were required to fit on an A4 page. 
The programme developed to fill these requirements was called 
'LPWPLOT' and was fairly lengthy (700 lines). An example of a plot 
produced by it is shown in Fig.7.4 along with its associated data 
printout. A list of the programme's functions is shown in Table 7.5. 
Of some note is the smoothing procedure used. This was a cubic 
spline interpolation subroutine largely based on one developed by 
Greville in "Mathematical Methods for Digital Computers". (1) From 
the set of data points this subroutine was made to produce a fifty-
point curve passing through all the data points. Each actual data 
point was indicated by the symbol used for the curve (see Fig.7.4). 
The subroutine also employed an additional routine which calculated 
an average value for a group of closely-spaced points, to prevent the 
spline routine from going wild under such conditions. 
l.Raston and Herbert (Eds), "Mathematical Methods for Digital 
Computers" VoL III, Chapter 8 
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READ CARD SPECIFYING WHEEL & BLADE ANGLE 
~--~----~READ CARD SPECIFYING NEXT SPEED OF ADVANCE 
No~ 
PLOT NEXT PLOT IN THE SEQUENCE LIFT, THRUST, EFFICIENCY, POWER 
USING PROGRAMME "LPWPLOT" 
SELECT Yes 
VELOCITY 
RATIO 
AXIS 
No 
USE "LPWPLOT" TO PLOT THE FAMILY OF CURVES 
ON THE STANDARD AXES 
No 
Yes 
FIGURE 7.6: THE OPERATION OF THE MULTIPLE PLOTTING ROUTINE "ALTOGETHER" 
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While the curves produced would probably have been more repre-
sentative of the real case had a least squares polynomial smoothing 
routine been used such a routine would not have produced a line to 
pass through all the data points. Both methods therefore have their 
disadvantages, and since the cubic spline routine was chosen the 
waviness of some of the curves in some plots has to be tolerated as 
a characteristic of this smoothing method, rather than of the data 
itself. 
7.6.1 Multiple·Plotting 
Experience with the LPW tests made it clear that in order to 
gain a good intuitive understanding of LPW behaviour a number of plots 
would be required. These needed to contain all the variables and 
needed to relate them in a way that clarified their effects. While 
some authors, such as Helm and Volpich and Bridges, have attempted to 
condense all the information from one paddlewheel on to a few, or a 
single complex dimensionless plot (see for example Fig.4.30) it was 
felt that the effects of some of the variables were obscured by such 
simplifications so, with the aid of the computer plotting facilities 
the relatively long-winded but probably clearer approach was chosen, 
and larger numbers of plots were used to describe each wheel's perform-
ance. 
It was a relatively simple task to adapt the programme 'LPWPLOT' 
to produce such an assemblage of plots automatically. The plotting 
routine which did this was called 'ALTOGETHER' and a block diagram of 
its function is shown in Fig.7.6. 
While this programme was used to plot all the test data the 
Computer Centre plotting facilities took some time to cope with the 
volume of output required, with the result that it was often a week 
before the results of a day's testing at the testing tank were all 
available. 
7.7 PRESENTATION OF MULTIPLE PLOTS 
An assemblage, normally of 19 plots was chosen as the standard 
representation for each LPW, and such an assemblage for the standard 
LPW with flat blades at a blade angle of 60° is shown in Fig.7.7. 
(This figure is enlarged later in Figs.9.1, 2 and 3.) Each column of 
plots represents a different speed of advance, beginning with the static 
case on the left and finishing with the fully planing case on the right. 
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Each column contains a plot of Lift, Thrust, Efficiency and Power. 
For these plots the lift and thrust force values were plotted directly 
as measured from the results. Power was calculated from the torque 
and wheel revolutions measurements, so that: 
p 
expt 21ThT0 
Efficiency was calculated from the power results as: 
n 
where: p 
expt 
n 
T 
0 
n 
T 
v 
0 
TV 
0 
p 
expt 
power 
wheel 
wheel 
from measured results 
revolutions per second 
torque as measured 
propulsive efficiency 
thrust force as measured 
speed of advance 
( 7 .1) 
(4.45),(7.2) 
Lift Thrust and Power were plotted against wheel revolutions per second, 
while Efficiency was plotted against velocity ratio since such a plot 
readily compared the actual efficiency with a straight line ideal 
maximum efficiency (marked on the plot) as noted in sections 1.4.1, 
1.4.2 and 4.14.1. 
This assemblage of 19 plots, each plot of A4 paper size, present-
ed an access problem in itself, since there were 40 such assemblages 
once the testing was complete. Eventually each wheel's plots were set 
out on a 2 m x 1 m sheet of corrugated cardboard which allowed each 
wheel's data to be readily filed, or produced for comparison with the 
data of different wheels. The 19-plot assemblages of the LPW test data 
are shown in Appendix 4. 
7.8 ACCURACY OF THE DATA PLOTS 
The data in these plots includes measurement uncertainties and, 
being plotted by machine, has not had the guiding human hand to smooth 
the curves between errant points. Appendix 2 outlines the compilation 
of error estimates and identifies sources of measurement error with 
the conclusion that a given single data point will, 66% of the time, 
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TABLE 7.8: ERRORS IN THE DATA RECORDS ARE EXPECTED TO BE LESS 
THAN OR EQUAL TO THE ABOVE UNCERTAINTIES FOR 67% 
OF THE DATA. (THE 6.1% ERROR IN THRUST FORCE 
MEASUREMENTS IS NOT INCLUDED IN THE THESE ESTIMATES. 
THIS IS DISCUSSED IN SECTION 5.7.1, .APPENDIX 2 AND 
APPENDIX 4) . 
MEASUREMENT ERRORS AT SOURCE 
BLADE ANGLE: 
IMMERSION DEPTH: 
WHEEL ROTATIONAL SPEED: 
THRUST FORCE: 
LIFT FORCE: 
TORQUE: 
SPEED OF ADVANCE: 
WHEEL DIAMETER: 
± 4 nun 
± 1.8% 
±(0.2 N + l%) 
±(0.2 N + l%) 
±(0.02 Nm + J_%) 
± 2% (MAX: ±5%) 
± 1.2% between wheels of differing 
blade angles. 
± 0.4% from diameter tabulated in 
Fig.5.18. 
EFFECTS OF ALL UNCERTAINTIES ON PLOTTED DATA 
LIFT FORCE: ±(THE LARGER OF: 0.5 NOR 10%) 
THRUST FORCE: ±(THE LARGER OF: 0.5 NOR 10%) 
EFFICIENCY: ± 12% 
POWER: ± 6% 
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be subject to the magnitudes of error less than or equal to those 
shown in Table 7.8. This means, however, that discrepancies larger 
than those tabulated will be observable in the data records. 
It should be mentioned that the thrust force data and efficiency 
data as recorded in Appendix 4 still contain the 6.1% error noted in 
section 5.7.1. This means that the thrust and efficiency values as 
plotted are 6.1% too large. It is clear from Table 7.8 that such 
an error is within the experimental uncertainty of any given data 
point, and because of this replotting of the data did not seem to be 
warranted. 
7.9 CONCLUSION 
Tank tests of LPW'sconstituted the major tasks of the project, 
largely fulfilling the data acquisition section of the secondary aims 
(see Fig 3.10, part A3). As well as the tank tests themselves, these 
tasks involved the design, construction and assembly of the force 
balance and the data logging equipment, together with the evolution 
of reliable experimental procedures and the development of data 
processing and plotting routines and a useable data filing and storage 
system. The last three chapters (Chapters 5, 6 and 7) have described 
the equipment procedures and programmes used in these tank tests. 
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CHAPTER 8 
PHOTOGRAPHIC STUDIES 
8.1 INTRODUCTION 
The photographic studies of the LPW in operation were undertaken 
in partial fulfilment of the tertiary aims, part A2 (Fig.3.10, section 
3.6) which required sufficient data about LPW performance upon which to 
base theories of LPW operation. These studies then, filled a role 
similar to the force balance tank tests in providing such data. While 
the data itself was of a different nature than the force balance 
measurements, its value in explaining LPW operation was of almost equal 
importance. 
This chapter describes the equipment and arrangements used for 
these studies while the actual results and conclusions drawn from them 
are included in with the general findings in the next chapters, 
Chapters 9, 10 and ll as well as earlier in Chapter 4. 
Three main areas of LPW operation were·examined·using 
photography and a video taperecorder. These were: 
l) Studies of the spray and wake formation of a single LPW 
operating in open water, in the testing tank at Kainga. 
2) Close-up studies of the LPW operating in flowing water 
in a glass-sided tank; this involved stroboscopic studies. 
3) Records of the model LPW craft in operation. 
Although some findings from this third area were pertinent to 
LPW operation, most were more relevant to the performance of the model 
LPW craft itself, so these findings will be left to the chapter relat-
ing to the model craft, (Chapter 12). 
The other two studies helped clarify the following issues: 
(i) Wake formation and the generation of waves by the LPW: 
an area which was largely overlooked by paddlewheel 
researchers (as noted in Chapter 2). 
(ii) Flow around LPW blades: a study advocated by Beardsley 
as the next step in paddlewheel research. (l) 
l. Beardsley, P.24 
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Both studies were of considerable value in explaining LPW 
and paddlewheel operation. 
8.2 THE KAINGA TANK OPEN WATER STUDIES 
8.2.2 
The tank tests with the force balance involved the use of the 
spray guard shown in Fig.5.29 to prevent the spray from the LPW 
wetting the tank rails. This guard made observation of the spray and 
wake formations difficult during the force balance tests so a separate 
arrangement was built specially for the photographic study. It invol-
ved three main structures: 
l) A new rig to hold and power the LPW. 
2) A large cover to keep spray from the rails and the 
Rating Car, without interfering with spray and wake 
formation. 
3) Cameras and lighting with suitable mounts. 
8.2.1 The Photography Rig 
The rig is shown in Fig.8~1. It powered the LPWs by an electric 
drill supplied from a variac which could be used to vary the wheel 
rotational speed. The rig also had a screw adjustment to set the LPW 
immersion depth. A horizontal, graduated rod was attached to the rig 
just above the water surface to give a scale for the photographs, and 
a car speedometer, calibrated in revolutions per second, was mounted 
near the LPW and connected to the shaft so that, appropriately calibra-
ted, it indicated its rotational speed. A code plate was mounted 
beside the r.p.s. indicator and codes on this identified the operating 
conditions for each photograph. Figures such as 4.19 (C) and (D) show 
these features. 
The rig was mounted on a specially built frame which placed it 
well clear of the rear of the Rating Car so that wake and spray condi-
tions were not obscured by it. 
8.2.2 The Spray Cover 
The spray cover was a structure measuring about 3 m x 2.3 m x 1.5 m 
and was sufficiently large to house the whole area under observation. 
It is shown in Fig.8.2. Its framework was made to be readily attached 
to the Rating Car handrails so that it could be quickly set up for the 
photography days. It moved with the car. Because the structure was 
I 
I 
MOTION IN OPERATION 
'/) ____ 
/2 
FIGURE 8.1: THE PHOTOGRAPHY RIG MOUNTED ON THE REAR OF THE RATING CAR 
FIGURE 8.2: THE SPHAY COVER FROH THE REAR: IT HOUSES ALL OF THE WATER 
AREA SHOWN IN FIG.8.l 
/ 
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covered with clear polythene it allowed lighting and flash units to 
be shone through it. A white sheet was hung over the rear to help with 
light reflection, and.to give some background contrast which would make 
the waves more readily visible. 
8.2.3 Cameras and Lighting 
The ideal photographic record was envisaged as one where two 
simultaneous high speed photographs from two different vantage points 
could be taken just after the LPW blade had entered the water. A 
series of five or so pairs of photographs would be taken with the wheel 
rotating at different speeds, for each run down the tank. Such a group 
of ten photographs would approximately illustrate the conditions in a 
normal test run down the tank with the force balance. If such photo-
graphs, with a view from the front and another from the side could 
always catch the LPW with a blade just immersed (the most important 
point in the blade passage) useful comparisons could be made between 
different wheels and blades. 
In order to have enough data with which to make useful comparisons, 
a photography series was planned which would cover both the standard 
six-bladed wheel with blade angles of 60° under all standard conditions, 
as well as a representative sampling of other wheels and conditions. 
Such a series involved close to 250 pairs of photographs. 
A camera and lighting system to achieve these ideals was designed 
as shown in Fig.8.3 and set up on the bench. It employed a pair of 
Nikon motordrive cameras operated from a single switch and battery pack; 
each camera contained enough film for 250 pictures which was sufficient 
for a day's photography. Lighting consisted of a pair of flash units, 
one for each camera, operated from a common power source and trigger, 
and supposedly, therefore, simultaneous in operation. 
A magnetic pickup activated by the passing LPW blades triggered 
a stroboscope for visual observations, and since the stroboscope in-
corporated a phase deviation control, the LPW image observed under 
strobe lighting could be positioned as required with a blade just enter-
ing the water. A photoelectric SCR switch for the flash guns was to 
be triggered from the strobe light to ignite the flash units once the 
camera shutters were both open. 
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flush units 
power supply 
camera 1 
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SCR switch 
LPW \~ 
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8.2.4 
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FIGURE 8· 3 THE LIGHTING CIRCUIT AND THE CAMERA AND 
LIGHTING ARRANGEMENT FOR THE OPEN WATER STUDIES 
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A brief test run was conducted at the Kainga tank to check 
equipment assembly procedures and to find the correct camera settings 
for the light conditions, and a day was arranged when the photography 
series could be carried out. 
8.2.4 Outcome of the Open Water Studies 
Unfortunately a number of things rendered two photographic 
series somewhat less successful than they could have been. These were: 
1) The paired Metz flashguns did not fire simultaneously and 
had long duration flashes resulting in partially blurred 
double images in many shots. 
2) The photoelectric trigger for the flash guns, which worked 
on the bench, and in the stroboscopic photography studies 
(section 8.3) failed to work reliably at the Kainga tank, 
with the result that the LPW blades were positioned 
randomly in the photographs. 
3) Although the flash gun triggering circuit included both 
camera shutters, the flash units seemed to be triggered 
by one camera only so that many shots from the other camera 
were only half exposed. 
4) One film of 250 shots was largely destroyed during 
development. 
5) Although the triggering circuitry was reassembled on the 
bench, flashguns replaced, and circuitry altered to 
accommodate capacitance effects so that it again worked 
well, another day's photography to repeat the first day's 
500 shots at the tank similarly produced double images 
which were not synchronous with the stroboscope, and one 
film with pictures only partially exposed. 
6) A third attempt was not possible partly due to difficulties 
in obtaining the use of the tank again, and partly be-
cause of the humiliation factor generated with the product-
ion of 1000 unsuccessful photographs. 
However, the rather less than successful outcome was still a 
large number of useful photographs of LPW wakes under varying conditions 
of speed and immersion as well as a few shots showing blades just 
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entering the water as required. A rare and successful pair of photo-
graphs of the long-bladed wheel from the first series of photographs 
is shown in Fig.8.4, and these illustrate the intended results. 
Table 8.13 lists the photographed conditions from both series. 
Of note is the wheel coded 0 which was the solid cylinder of the same 
dimensions as the LPWs. It was incorporated to illustrate the simi-
larities of the LPW wakes to those of a stationary or rotating cylinder, 
and Fig.8.6 shows it operating in conditions similar to those shown in 
Fig.8.4. 
8.3 CLOSE-UP STROBOSCOPIC STUDIES 
Close-up, underwater, high speed photographs of the flow around 
LPW blades at the Kainga testing tank would have been ideal for blade 
flow studies but it would have been a very difficult task to carry out. 
Therefore an easier, but slightly less satisfactory arrangement was 
decided upon for a first study of such flow conditions. 
The Civil Engineering Department's Fluids laboratory has a glass-
sided channel 0.16 m wide by 0.7 m deep and 6.1 m long. Its maximum 
flow velocity is about 3.2 m/s of supercritical flow at a depth of close 
to 0.18 m. It can also pass deeper slower moving subcritical flow. 
Since it was known that the two major modes of LPW operation were the 
displacement and planing modes, and that these could be approximately 
modelled with the LPW in conditions of subcritical and supercritical 
flow respectively, it was decided to observe and photograph both modes 
of operation in the flowing water channel, keeping in mind the limita-
tions of the arrangement. 
4 .16). 
(These limitations are discussed in section 
Since the equipment and tank were within the University, time 
could be spent in getting photographic and lighting equipment working 
properly before photographs were taken. 
8.3.1 Equipment Arrangement 
The rig to hold and power the LPW was essentially the same as 
the one used in the Kainga tank photography series. It was mounted on 
the channel top, could be raised or lowered by its screw adjustment, 
and was powered from a variac which controlled the LPW speed. It is 
shown set up in Fig.8.7. 
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FIGURE 8.4: WHEEL CODED 9.5, WITH LONG BLADES PHOTOGRAPHED IN THE 
TESTING TANK SERIES IN THE HUMP CONDITION. NOTE THE WAKE. 
CONDITIONS: D=242 mm, V0 =0.76 rn/s, Fr=0.49. n=4.3 rps, 
¢=60°, d/D=O.l7, d=40 rnrn, c=25 rnrn, s=l52 mm. 
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V0 =0.76 m/s, F =0.49, d/D=O.l65, n=l rps r 
FIGURE 8.6 
1300E/l4A 
THE CYLINDER OPERATING UNDER CONDITIONS CLOSE 
TO THOSE SHOWN IN FIG.8.4. NOTE THE SIMILARITY 
OF THE WAVE FORMATIONS. 
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FIGURE 8.7: THE PHOTOGRAPHY RIG TOP, AND STROBOSCOPIC EQUIP!1ENT 
IH THE BLACKOUT CUBICLE BOTTOM. NO WATER IS FLOWING 
IN THESE VIEWS (STROBOSCOPE: BRUEL & KJAER MOTION 
ANALYSER TYPE 4911) 

630/41 
FIGURE 8.8: PHOTO OF THE PLANING CONDITION WITH A SINGLE 
FLASH FROM THE FRONT. 
CONDITIONS: STANDARD BLADES, SIDEPLATES, 
ELOW 
¢ = 45°, d = 20 mm, V = 2.85 rn/s, n = 6.3 rps 
0 
630/7 
FIGURE 8. 9: PHOTO AS FOR FIGURE 8. 8 WITH STROBE LIGH'riNG, 20 
DIFFUSED FLASHES FROI'-1 BEHIND 
FLOW 
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FIGURE 8.10: PHOTOGRAPH WITH A SINGLE FRONT-LIGHTING FLASH 
AND 20 BACKLIGHTING FLASHES FROM THE STROBOSCOPE 
CONDITIONS: SIDEPLATES, ¢=60°, d/D=0.19, n=6~ rps, 
V0 =2 .85 m/s, STD.DIMENSIONS, SUPER-
CRITICAL FLOW MODELLING THE PLANING 
CONDITION 
632/32A 
FIGURE 8.11: TRANSITION MODE PHOTOGRAPH: THE WHEEL IS IN THE 
TROUGH CONDITION. 
CONDITIONS: 12 BLADES, SIDEPLATES, V0 =0.79 m/s, 
¢=45 ° , d/D=0.25, n=S rps, STD. DIMENSIONS, 12 
BLADES, SUBCRITICAL FLOW 
FWW 
FLOW 
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The 15 Watt stroboscope was triggered f~om the magnetic pickup 
near the LPW blades, and its phase deviation control and slow motion 
option were both useful for observations. (Lighting and circuitry 
arrangements are shown in Fig.8.12.) 
A blackout cubicle was constructed around the tank close to the 
LPW, to assist observation and photography. Scales, and labels 
describing the operating conditions were simply stuck to the glass for 
the photographs. 
The standard 242 mm diameter wheel used for observation in this 
study was fitted with 2 mm thick perspex sideplate discs out to the 
blade tips, which were used in an effort to keep the flow two-dimensional. 
8.3.2 Lighting For Photography 
Some attempts were made to take high speed photographs of the 
LPW in this tank using the camera flash alone, as shown in Fig.8.8, 
but such pictures illustrated only the instantaneous cavity and splash 
formations which did not represent very well, what could be observed 
using the stroboscope. While the stroboscope could be hand-held for 
observations the most satisfactory results when using it for photography 
seemed to be where it was arranged to give carefully diffused backlight-
ing. Photographs taken with this lighting and a 1 second camera time 
exposure looked like the one in Fig.8.9. During such exposures the 
stroboscope light flashed about 20 times and this had the effect of 
averaging the splash formations and the cavity surfaces giving a more 
realistic image of conditions than a single picture would have given. 
While such pictures were satisfactory the final arrangement was one in 
which the camera flash gun was triggered once by the stroboscope light 
to light up the front of the wheel, the scales and the coded label, 
before leaving the stroboscope light to fill in the flow picture with 
the subsequent multiple flashes. The result of such an arrangement 
is shown in Fig.8.10, demonstrating the planing condition and in 
Fig.8.ll showing the transition zone. The circuitry and lighting layout 
is shown in Fig.8.12. 
8.3.3 Limitations and Scope of this Study 
The confines of the tank, as well as affecting wave velocity 
in the subcritical flow, (modelling the displacement mode) also 
affected the water surface level in the supercritical flow where the 
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FIGURE 8 ·12 THE LIGHTING CIRCUIT (ABOVE) AND THE CAMERA 
AND LIGHTING ARRANGEMENT (BELOW), FOR THE STROBOSCOPIC 
STUDIES IN THE GLASS- SIDED TANK. 
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planing mode was modelled. The water surface in Fig.8.10 can be seen 
to bulge upwards where blade-generated cavities are present. This is 
simply a continuity effect caused when the blade cavity is thrust into 
water which is bounded on three sides by the tank sides and bottom. 
It would not be present if the LPW was in open water. 
The closeness of the tank sides also amplified the effects of 
bowsplash (where, in the planing mode, water is splashed ahead of the 
wheel. See section 4.9.1). This splash tended to build up, partially 
blocking the flow. While this did not model the open water case 
either, it did provide a good opportunity to observe the onset of the 
bowsplash phenomenon. 
The observations and photographs in this study were therefore 
largely qualitative in nature, so that while some approximate measure-
ments could be taken from the photographs the main value of the study 
was to demonstrate the flow phenomena, and as such it became a useful 
reference during the development of the analytical models of the LPW 
performance, described in Chapter 4. 
The series of photographs taken covered the flat-bladed LPW 
conditions, and Table 8.13 summarises the variables photographed. 
8.4 VIDEO TAPE RECORDER STUDIES 
The Department's JVC v-ideo camera and vldeo tape recorder provided 
a further means of recording observational data, and videotaped records 
were made of a few runs of the Kainga testing tank, both of the force-
balance operation and of the LPW on the photography rig. 
A more extended series of videotaped records was made of the 
tests in the glass-sided channel, and Table 8.13 also notes which 
conditions were recorded in this way. Since these used the stroboscope 
in its slow-motion operation the pictures were particularly useful for 
subsequent observation, as more refined theories of flow around the 
blades were developed. 
A problem encountered was that the scanning rate of the video 
camera, and the stroboscope flash rate were rarely synchronised so 
that the picture appeared to flicker erractically. However this hardly 
detracted from the value of the recordings for observational purposes. 
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TABLE 8.13: SUMMARY OF PHOTOGRAPHS AND VIDEO OF LPW TESTS 
(MODEL CRAFT TESTS NOT INCLUDED) 
fil-e 
VELOCITY m/s 
WHEEL 11 DE SCRIP- (Froude No. E'r) ~f:r.'l CODE TJ;QN :=§§ 0 0.4 0.76 1.72 2.36 
'" ' itl~ (0) (0. 29) (0 .49) (1.12) (l. 53) 
0 Cylinder - I I I I I 
3 3 blades 45 
4 4 blades 45 
4 45 0.84 
4.75 Tyre + 90 I 0.44 0~85 1.89 
5 Roller- - I 
craft 
6 Std.Blade::: 15 
6 30 
6 45 
I 
6 Standard 60 I I I I I 
6 60 
6 60 I 
6 70 
6 90 
6 90 I 
7 Tyre - 90 I 0.44 0.85 1.89 
9.5 Long 60! I I 
blades 
11 Cupped 131: I 
12 45 0.79 
! 
* K = Kainga tank, 
GS glass sided flowing water tank, 
FW = flowing water tank. 
-!< 
~ 0 2.85 f:r.'l ~ ~ (l. 85) H :> 
K 
I GS I 
I GS I 
FW 
K 
K 
I GS I 
I GS I 
I GS I 
K I 
I GS I 
FW 
I GS I 
I GS 
K 
K 
K 
K 
I GS I 
FIGURE NUMBERS 
4.34, 8.6, 11.4 
to ll. 7 
8.14 
11.31 
11.17 
9.15 
8.8 to 8.10, 
9.101 9, 27 
4.19, 4.32, 4.33, 
9.5 to 9.9 
4.19, 4.36 
5.16 
ll. 301 ll. 32 
8.4 
10.15 
8.11 
FIGURE 8.14: 
CONDITIONS 
STANDARD DIMENSIONS 
cp == 45° 
4 blades 
v == 0.9 m/s 
0 
V /V == 
0 t 0.5 top 
0.7 bottom 
n 2.4 rps top 
1.7 rps bottom 
d/D 0.083 top 
0.25 bottom 
FLOW 
578/6 
~ow 
TWO PHOTOGRAPHS FROM THE 1978 SERIES SHOWING SPLASH 
EFFECTS AS BLADES ENTER THE WATER 
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8.5 OTHER PHOTOGRAPHS 
Minor series of photographs were taken of the LPW in operation 
during the 1977 and 1978 tests in flowing water, and these series 
provided the starting points for the extended testing tank photography 
series described above in section 8.2. While in these earlier records 
no attempts were made to synchronise the photographs with blade entry, 
some of the pictures have proved more useful than those of the Kainga 
testing tank series because of the equipment malfunctions of the 
latter, and because they were taken from a greater variety of viewpoints. 
They have therefore been useful in subsequent analyses. 
Two examples from the 1978 series are shown in Fig.8.14, and 
these show two effects of blade splash just as the blade enters the 
water where the blade and water surfaces are almost parallel. 
8.6 CONCLUSIONS 
These series of photographs and videotaped studies provided vital 
information clarifying the areas of LPW wake formation, and flow around 
LPW blades at entry and underwater. The findings from these studies 
have been useful throughout the project as the theories have been 
developed, and more systematic examination of the LPW photographs is 
undertaken in the next chapters. 
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CHAPTER 9 
ANALYSIS OF THE RESULTS FOR THE LPW 
WITH FLAT BLADES 
9.1 INTRODUCTION 
9.2.1 
Paddlewheel and LPW operation has been divided into four areas 
governed by the speed of advance of the wheel: the static, displacement, 
transition and planing modes. The theory section, Chapter 4, has 
defined limits to these areas, and has related them to the wake forma-
tions generated by the wheel. Since an operational LPW craft would be 
expected to run in the last of these areas, the planing mode, this area 
was concentrated on for the development of the impulse theory. This 
chapter, then, examines how well the theoretical limits between transi-
tion and planing apply in practice, and how closely the impulse theory 
and its accompanying predictions compare with the experimental results. 
Where relevant it draws upon the paddlewheel literature for comparisons. 
To conclude, it describes the development of coefficients which may be 
used to modify the theoretical model for use in the design and 
performance prediction of LPW craft discussed in subsequent chapters. 
This chapter then fulfils parts 2 and 3 of the secondary aims 
loop in Chapter 3 (Fig.3.10) and allows the focus of the project to 
return from data gathering, to concentrate on assessing the value of 
the LPW concept. 
9.2 RESULTS FROM THE TANK TESTS 
This section examines the results from the LPW tank tests. 
These are in two forms, firstly the plotted data measured by the force 
balance described in Chapters 5, 6 and 7 and secondly the photographic 
records described in Chapter 8. 
9.2.1 Measured Results for the Standard Wheel 
The measured results from the tank tests with the force balance 
were stored on easily handled 19-plot assemblages as described in 
section 7.7 and shown in Fig.7.7. This figure is repeated and enlarged 
as Figs.9.1, 2 and 3. This data was not presented in the more conven-
tional dimensionless form as it was seen as important to have the plots 
representing the real situation as closely as possible, to aid in an 
understanding of the many variables involved. 
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A large number of the points covered in the theory section may 
be readily identified in the plots shown in Figs.9.1,2 and 3, which 
is the set of data for the standard wheel used in the development of 
the theory sections. Each individual plot contains five curves, one 
for each of the five immersion depths used. The curves may be dis-
tinguished by the symbols used to represent the actual data points as 
given in Fig.9.1 (Chapter 7 contains a description of the individual 
plots, and Fig.7.4 shows a plot in an enlarged form). 
Each column of plots represents the results for a different 
velocity. Figure 7.7 shows the static mode on the left and the planing 
mode on the right. In this chapter this figure has been enlarged and 
broken up so that Fig.9.1 shows the static mode and Fig.9.3 shows the 
planing mode. The top row of plots is the lift force measurements, 
the second the thrust, the third the propulsive efficiency (no propul-
sive efficiency can be given for the static mode) and the bottom row 
the power consumed at each speed. The variation of the measured 
forces with the speed of advance, V , will be examined first. 
0 
9.2.1.1 LPW Forces in the Plotted Data. The lift and thrust 
forces in the static condition (Fig.9.l) can be seen to increase with 
wheel revolutions to an apparent limit. This limit, as described by 
Beardsley (1) , is governed by the rate at which the water can be 
supplied to the wheel by the gravity-induced flow into the cavity that 
the moving blades scrape out. The more deeply immersed the wheel is, 
the greater the water spouting velocity into the cavity (1) and so the 
greater is the mass supplied to the rotor and consequently the greater 
are the forces before they reach this limit. Thus the forces, both 
lift and thrust, increase with immersion depth and with wheel revolu-
tions up to this expected limit. These results agree with those of 
Beardsley. (1) 
The next column in this case, in Fig.9.2 represents a velocity 
in the displacement mode. For this, the standard wheel, it is 0.4 m/s 
or a diametral Froude Number of Fr = 0.26. Both lift and thrust 
forces again increase with wheel revolutions and with immersion depth 
to the mass supply limit noted above. It can be imagined that once 
the blade tip speed is much greater than the speed of advance of the 
wheel (0.4 m/s) the mechanism of flow into the wheel cavity is much 
1. Beardsley, P.20 
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the same as it was for the static condition, with a small additional 
flow into the front part of the cavity being largely balanced by a 
decreased flow into the rear part. So for displacement operation the 
forces are not unlike those for the static case. 
The third column or in this case the second column in Fig.9.2, 
is of measurements taken at 0.76 m/s (Fr = 0.49), and this represents 
the transition zone for the smaller two immersions (10 mm and 20 mm 
with symbols * and +). For all immersion depths, in both the lift and 
thrust plots, the forces can be seen to reach upper limits at much 
lower wheel revolutions than they did in the displacement or static 
modes. This is because the wheel is now beginning to operate in the 
trough condition of the transition mode (see Figs.l.S, 4.32(B), 
4.32(C), 8.4). The immersion depth of the wheel has, in effect been 
decreased by the formation of the wave trough which almost coincides 
with the wheel curvature. This limits the mass flow into the wheel 
cavity so that the force limits are reached sooner. Both lift and 
thrust forces, however, still increase with immersion depth. 
The next column, column 1 in Fig.9.3, with the speed of advance 
V
0 
1.72 m/s (Fr = 1.12), represents the early planing condition for 
all immersion depths. (See Figs.4.33 and 4.36.) What has happened 
now is that, in Beardsley's terms: "the speed has become so great that 
the rotor is running away from the cavity before gravity-induced flow 
can supply it". (1) Now all the mass supplied to the rotor is horizon-
tally entrained through the front. The mechanism of force generation 
has changed from one of flat plate drag, to one of impulsive momentum 
changes, with large accelerations occurring at blade entry. Blade 
entry conditions now become important in determining the direction of 
the resultant blade forces. A change may be observed in the thrust 
force curves. At this velocity they no longer increase with immersion 
depth and in fact the opposite is the case, so that the thrust curve 
d for the deepest immersion (60 mm, with symbol = and 0.25) shows D 
zero or negative thrust for most wheel revolutions. 
This change in thrust forces with immersion depth as well as 
the fact that the lift force still retains its former relation with 
immersion depth is a result of the change of mass supply mechanism 
and the change to impulsive forces occurring at blade entry. 
1. Beardsley, P.20 
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The character of the lift forces has also changed from that of 
the transition zone. The curves, at first concave downwards as wheel 
revolutions increase kink and become linear showing no tendency to 
become independent of wheel revolutions as before. This is now in the 
form of the force-rps plot of Fig.l.6. The initial parabolic section 
(1 to 5 rps) represents the lift force before surface cavity intrusion 
has begun to occur. (This pre-cavity intrusion section of the lift 
curves also has its equivalent in the thrust force curves though it 
is not easily recognisable at this blade angle.) Once surface cavity 
intrusion has begun, the parabolic sections give way (5 to 7 rps) to 
the linear section of the curves (7 rps onwards). The fact that the 
linear sections of the curves do not become independent of the wheel 
revolutions at planing speeds is another indication that different flow 
mechanisms control the mass supply to the rotor than in the displace-
ment mode. 
The next column (column 2 of Fig.9.3) is of results at a speed 
of 2.36 m/s (Fr = 1.53) which is well into the planing mode. This 
column has been the central reference for the development of the impulse 
theory in Chapter 4. It can be seen that the general character of both 
the lift and thrust curves is unchanged from the last column. The 
differences are that the force magnitudes are greater at this higher 
Vo 
speed, and the zero crossing point (where -- = 1) is now at higher 
Vt 
wheel revolutions: these are differences that would be expected with 
an increased velocity. All the characteristics of the planing mode 
apply equally well to this speed as to the last: the parabolic sections, 
intersection regions and linear sections are still evident. Tests to 
higher speeds than this (V0 = 3.71 m/s and 5 m/s or Fr = 2.41 and 3.25, 
see Appendix 4; wheel 6 (FB), ¢ = 60°) show no evidence of a change 
from the character and form of curves shown in these last two columns 
for the planing mode. This suggests that once the LPW is in the 
planing mode, Froude, or gravity, effects are of minor importance as 
compared with dynamic effects (1) so that Froude scaling then becomes 
irrelevant. (Further effects of velocity are examined later in section 
9.4.2.) 
9.2.1.2 LPW Efficiency in the Data. The propulsive efficiency 
plots in Figs.9.2 and 3 will now be examined. Efficiency here is 
plotted against the velocity ratio, Vo, for reasons explained in 
Vt 
sections 4.14 and 4.14.1. A diagonal on each plot representing 
1. See also Beardsley, P.22 
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efficiency equal to velocity ratio gives the maximum theoretical 
value of efficiency. Unfortunately the recorded results are a little 
misleading in these plots, and this is for two reasons: first high 
efficiencies occur at high velocity ratios (low wheel revolutions) 
and this is where the forces are lowest and are most prone to measure-
ment errors. Consequently there is a wide scatter of points and 
misleading efficiency peaks are present at these high velocity ratios. 
Further experiment would be required with more sensitive apparatus, 
to gather more accurate data in these regions. Second the plotting 
routine that produced these curves was programmed to set any negative 
efficiency values. to zero, to prevent the curves from going off the 
page. Thus not only are the efficiency peaks open to question but the 
zero crossings are as well. 
In spite of these limitations the plots show the following: 
1) In all cases the propulsive efficiency curves increase with 
an increase in velocity ratio (decrease in wheel revolutions) to a 
peak value, before falling away to zero. Peak values occur at velocity 
Vo 
ratios up to--= 0.65 in these particular results, suggesting that 
Vt 
propulsive efficiencies of this same value may be reached under ideal 
conditions. All curves fall again to zero before the velocity ratio 
reaches unity. This indicates that this wheel needs some slip for 
propulsion: it concurs with comments on efficiency at high velocity 
ratios made in section 4.14.3 and thrust forces at high velocity ratios 
noted in section 4.8. 
2) In all cases the propulsive efficiency decreases with 
immersion depth. This general conclusion holds for all blade angles 
and confirms the findings of Beardsley whose plot demonstrating the 
effect is shown in Fig.9.4. (See also section 9.4.8.1.) 
3) In the displacement mode, with V = 0.4 m/s, the efficiency 
0 
curves follow the maximum possible value closely before beginning to 
fall away from it at velocity ratios of 0.2 and 0.3. 
4) In the transition zone, V = 0.65 m/s, the efficiency curves 
0 
do not follow the theoretical maximum as closely, and after velocity 
ratios of 0.3 the curves diverge as the results become erratic at 
higher velocity ratios. 
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5) In the planing mode, V = 1.72 and V = 2.36, the LPW 
0 0 
was not turning fast enough to produce data at low velocity ratios 
(less than 0.1) but since the forces at high velocity ratios 
(0.4 to 0.8) have become more consistent the curves can be relied on 
a little more than those at lower velocities. In the planing mode 
at low velocity ratios (0.1 to 0.2) the curves are well below the 
theoretical maximum values and have become widely spread in propor-
tion to the immersion depth. This represents the situation where 
the wheel is spinning fast, and cavity intrusion is well established. 
The planing mode is apparently, therefore, not such an efficient 
condition for the standard wheel to operate in as is a high rotational 
speed in the displacement mode, where efficiency is close to the 
maximum (point 3 above). 
6) The peaks in the efficiency curves for both planing speeds, 
while not very reliable, suggest that propulsive efficiencies up to 
0.5 may be achieved with shallow immersions (~ 0.041, or 10 mm in 
this case) and with this particular wheel (¢ = 60°). Although this 
wheel is later shown not to be the most efficient propulsor, these 
results compare well with Beardsley's results shown in Fig.9.4. 
9.2.1.3 Other Results for the Standard Wheel. The plots of 
power do not yield much new information though the observations that 
power consumption is lowest in the transition zone (V = 0.76 m/s) 
0 
and thereafter increases rapidly with speed of advance, V , are useful. 
0 
As well as the measurements given in Figs.9.l, 2 and 3 for the 
standard wheel, and measurements at 3.71 and 5 m/s mentioned above, 
tests were run to cover the transition zone more fully, at V = 0.96 m/s 
0 
and V = 1.22 m/s (Fr = 0.62 and 0.79) and tests at more extreme depths 
0 
were carried out: 75 mm and 96 mm, (~ = 0.31, 8 = 67.7°; ~ = 0.4, 
8 = 78.1°). The results of these are recorded in Appendix 4, Wheel 6. 
9.2.2 Photographic Records of the Standard Wheel 
The arrangements used for the open water photographic series in 
the Kainga tank were described in section. 8. 2, while the results for 
the standard wheel are included here for comparison with the measured 
data in Figs. 9.1,2 and 3. While the photographic series made a 
thorough coverage of the standard wheel (Table 8.13) only representative 
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groups from the series are shown here. The wheel revolutions may be 
read from the meter in the photographs. Unfortunately it did not 
read reliably below 2 rps so that wheel rotational speeds less than 
this, as noted in the figures, have been estimated from the wakes 
in the photographs. 
Beginning with the static condition (V = 0 m/s), Fig.9.5(A)-(E) 
0 
shows a series of views of the LPW immersed 30 mm (~ = 0.124) as the 
wheel revolutions are increased. Fig.9.5(D), with the wheel rotating 
at 6 rps, represents the limiting condition for the lift force, as 
indicated by a comparison with Fig.9.1 of the static condition at 30 mm 
(d immersion -
D 
0.124, symbol 6). Cavity pounding is beginning at this 
stage. This is a distinctly audible hissing, drumming sound of about 
4Hz which is believed to be caused by the cavity, scraped out by the 
blades, oscillating in and out against the spinning wheel. Fig.9.5(E) 
shows the wheel spinning at twice the last speed, and it shows more 
spray; cavity pounding is clearly evident at this stage when the wheel 
is observed in operation. 
The low displacement speed of 0.4 m/s (Fl" = 0.26) at the same 
representative immersion of 30 mm is shown in Fig.9.6(A)-(E). 
Fig.9.6(A) shows the wheel at a high velocity ratio (Vo = 0.75) 
Vt 
and 
this makes it clear why the forces are small under such conditions at 
this low speed of advance. Fig.9.6(C) and (D) show the short wave-
length waves generated by the wheel in the displacement mode. (These 
waves are also shown in Fig.4.32(A) .) In Fig.9.6(E) cavity pounding 
is occurring as in the static case (Fig.9.5(E)) and little difference 
can be seen between these two views. 
The next figure, Fig.9.7(A)-(E) shows the LPW at 0.76 m/s 
(Fr = 0.49) which is the centre of the transition zone for the 
standard wheel at 20 mm immersion (~ 0.083). The figure therefore 
shows the wheel at 20 mm immersion. In Fig.9.7(A) the wheel rotation 
is too slow for the typical transition zone waves to be formed; these 
are more evident in Fig.9.7(B) and (C). The side view of the standard 
wheel at 40 mm immersion with double span blades shown at 0.76 m/s 
in Fig.8.4, emphasises the transition wake and it can be seen that 
the blades almost follow the curve of the wave trough during their 
passage. Fig.9.7(D) and (E) show the wheel at higher rotational 
speeds where it can just be noted that the wave formation is somewhat 
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less pronounced than it was at lower wheel revolutions. The reduction 
in the wheel stern wave height at high wheel revolutions seems to be 
because the spray leaving the wheel tends to flatten it. This 
phenomenon is more readily visible in the real situation. Of special 
note is the relatively small amount of spray thrown by the wheel at 
high wheel revolutions in Fig.9.7(E). This is a notable reduction 
when comparisons are made with the same wheel revolutions at higher 
and lower speeds of advance (Figs.9.6 and 9.8). This reduction is 
essentially because the wheel is operating in the wave trough so that 
the mass supply to the wheel is severely limited. Reference to the 
lift and thrust forces in Fig.9.2 at 0.76 m/s shows them to be minimal 
under these transition conditions. It is also clear from Fig.8.4 
that the blades encounter water mainly at their point of entry rather 
than throughout their passage. This is in accordance with the defi-
nitions of the transition given later in section 9.4.2.1. 
Under transition conditions no cavity pounding occurs; cavity 
pounding is a static and displacement phenomenon only. (See also 
Fig.S.ll.) 
Low speed planing conditions are shown in Fig.9.8(A)-(E), which 
has the wheel moving at 1.72 m/s (Fr = 1.12) and immersed 20 mm as 
before. The typical small oblique waves of the planing mode can just 
be seen in Fig.9.8(B). (See also Fig.4.33 for these waves.) This 
view shows the wheel operating at a velocity ratio of 0.65 which is 
close to the expected operating condition of the LPW craft. A 
structured splash can be observed behind the wheel and this is similar 
to that observed on the model LPW craft wheels (see Fig.l2.12). 
Fig.9.8(C) shows a more jumbled splash behind the wheel and a little 
spray thrown ahead of the entering blade. In Fig.9.8(D), which is 
essentially for the same wheel revolutions, this small spray ahead 
of the blade has developed into bowsplash (described in sections 
4.9.1 and 9.4.3.2). The wake behind the wheel is even more confused 
than before. These two views, (C) and (D), represent the intersection 
region of the force plots as shown for 1.72 m/s and 5 rps in Fig.9.3. 
Surface cavity intrusion will therefore be occurring in these views. 
Fig.9.8(E) shows the extensive bowsplash and wheel "crater" typical 
of the wheel at high revolutions in the planing mode. Under such 
conditions cavity intrusion has advanced so far that the whole blade 
passage seems devoid of water. Comparison with the same conditions 
in Fig.9.3 indicates that the lift and thrust forces are still 
Figure 4: The passage of a blade through the water, in Condition 3. 
Vo IV,= 0.7, ¢ = 45°, diD= 0.1 
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increasing with wheel revolutions under these unlikely conditions. 
(See also Figs.4.19(A)-(E), 9.26.) 
Figure 9.9(A)-(F) shows the LPW operating at 20 mm immersion 
and a higher planing speed: 2.36 m/s (Fr = 1.53). This speed was 
used to furnish the reference set of data used for the development 
of the impulse theory (and the coefficient equations in section 9.9). 
The figures are generally similar to those of the last speed in Fig. 
9.8 (A)-(E). Fig.9.9(A) shows the wheel operating at a velocity ratio 
greater than one. Reference to Fig.9.3 at 2.36 m/s shows that under 
these conditions (wheel revolutions = 2.5) the thrust force will be 
negative, so that the water will be driving the wheel rather than 
vice versa, while the lift force will be small and positive. Fig. 
8.8 (C) ,(D) and (E) show the onset of bowsplash. Careful comparison 
of the curves in Fig.9.3 with these three views indicates that bow-
splash occurs at much the same time as surface cavity intrusion. 
(This is shown later in section 9.4.3.2.) Other views of the high 
speed planing condition are shown elsewhere in Figs.4.19 (A)-(D), 
4.36, 8.8, 8.9, 8.10, 9.26. 
9.2.2.1 Stroboscopic Records. Section 8.3 described the 
arrangement for stroboscopic photographs taken in the glass-sided 
tank. While a large number of such records were made, some of which 
appear elsewhere in this report, the most relevant to the LPW theory 
are those which apply at the expected operating condition of the LPW. 
It was noted above in relation to Fig.9.8(B) of the LPW in the plan-
ing mode, that the velocity ratio of 0.65 was close to the expected 
LPW operating condition of the LPW craft. A series of photographs 
taken under stroboscopic lighting in the glass sided tank at a 
velocity ratio of 0.7 is shown in Fig.9.10. This series shows the 
wheel turned about 10° clockwise in each successive exposure, and 
demonstrates the formation of the blade cavities and splash structure. 
A number of points may be made: 
1) At this velocity ratio the 6 bladed wheel is operating 
before any form of cavity intrusion has begun and before bowsplash 
has started. 
2) A small splash structure can be seen growing through the 
series at the forward end of the blade cavity: it may be imagined 
that this would increase with wheel revolutions to become the 
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bowsplash shown in earlier figures (Figs.9.8(E) and 9.9(F)). 
3) A much more significant splash or spray formation can 
be seen at the rear of the blade cavity, and this can be seen to 
follow the blade as it leaves the water. (This can also be seen 
in Figs.9.8(B), 9.9(A) and (B), 8.9, 8.10.) 
4) The cavity formed by the blade appears to be generated 
by the blade which moves tangent to its edge during the passage. 
The impulse theory, however, indicates that the movement of the 
water away from the point of entry is caused only at the point of 
entry where the blade strikes the water. This fact is illustrated 
later in Fig.9.15, and therefore in this figure (Fig.9.10) the fact 
that the cavity seems to be formed from the free streamlines behind 
the blade, is coincidental. 
5) It may be noted in Fig.9.10(D) that the water is in the 
process of moving away from the inside edge of the blade to form 
another lobe on the cavity already present. This can be seen growing 
progressively in subsequent blade positions. It is proposed that 
this is formed by a secondary rearward impulsive force applied by 
the inner edge of the blade, to the water in view (B) or (C). This 
kind of complication is not taken into account by the impulsive theory 
which assumes action to take place at the blade tip. This lobe of 
the cavity can be seen to move away from the blade surface, allowing 
air entry. It clearly indicates that this part of the cavity is 
formed by an impulsive action rather than as the free streamline 
behind a passing flat plate. 
6) The cavities left in the flow can be seen to broaden and 
deepen as they move away downstream from the wheel (also apparent 
in Figs.4.19(A) and (B)). This is a clear indication of the momentum 
exchange which took place at blade entry and the kinetic energy left 
in the flow by the LPW. 
This figure has been most useful in clarifying high speed LPW 
performance. 
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9.3 THE IMPULSE THEORY, FORMER THEORIES AND EXPERIMENT 
This section examines the theories of other experimenters 
developed to model the forces on paddlewheels, and it compares their 
results with those of the impulse theory and the experimental data. 
It shows why the impulse theory is the most suitable model for the 
LPW forces in the planing mode. 
In the past paddlewheel forces were treated as flat plate drag 
forces, which, for the low speeds of operation in the displacement 
mode, was generally appropriate. The impulse theory as a model for 
high speed paddlewheel and LPW force generation is a departure from 
the traditional line of thinking in two respects. First, it assumes 
all the forces to be generated at the instant of blade entry, instead 
of throughout the blade passage as assumed by Volpich and Bridge,(l) 
and instead of at the bottom of the blade passage as implied in 
Beardsley's Surface Impulse Propulsion model. (2) 
Second, it assumes the mass acted upon to be the induced mass 
of the semi-immersed blade; this mass being accelerated by an impul-
sive action at blade entry. Beardsley assumed all of the entrained 
mass flow to be accelerated impulsively in his momentum model, while 
Volpich and Bridge did not consider acceleration forces. 
In the following sections these two assumptions of the impulse 
theory will be compared with the measured results and the predictions 
of the other theories. 
9.3.1 Entry Forces Compared with Forces Throughout the Passage 
This section examines the validity of the assumption that all 
the force is generated at blade entry, as opposed to the two alterna-
tive hypotheses (i) that the force is generated throughout the blade 
passage and (ii) that the force is generated at the bottom of the 
blade passage. 
At this stage it is not the magnitude of the resultant force 
that is important but its direction. In the plotted data (Figs. 
9.1, 2 and 3) the resultant force on the LPW has been resolved into 
lift and thrust components. A valid model of the resultant force 
1. Volpich and Bridge, Part II, P.498 
2. Beardsley, P.l3 
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would be expected to show the lift and thrust components in the 
same relative proportions and with the same relationship with 
immersion depth. 
9.3.1 
If the lift and thrust forces are calculated on the basis of 
each of the three hypotheses for the standard wheel they may be com-
pared directly with the plotted results in Figs.9.1, 2 and 3. 
In Fig.9.11 the forces have been calculated on the basis of 
flat plate drag (after Volpich and Bridge (1)). In this method the 
force normal to the blade at a given point in the blade passage is 
calculated from the instantaneous velocity of the blade tip relative 
to the water (which is assumed to be still). The calculation uses 
the flat plate drag equation and employs well established coefficients 
(2) for the force normal to the blade. This normal force is resolved 
into lift and thrust components, and these components are averaged 
for all points through the blade passage to give the final lift and 
thrust forces. (To test this flat plate drag model a small FORTRAN 
programme 'BLADEDRAG' was developed early in the project. It was 
employed to perform these calculations and is given in Appendix 8) . 
As shown in Fig.9.11 the calculations represent the planing 
mode of the standard wheel with a forward speed of 2.36 m/s before 
cavity intrusion has begun to occur. Thus results up to 6 rps are 
present, and they may be compared with similar results in Fig.9.3. 
Fig.9.12, however, is a reproduction on the same scale of the experi-
mental results for the same conditions, enlarged from Fig.9.3. It 
is apparent that the lift force curves compare well with those of 
Fig.9.11 both in magnitude, and in their relation to immersion depth.: 
The thrust force curves, on the other hand, are different in magni-
tude, and opposite in relation to the immersion depth than those of 
experiment shown in Fig.9.12. 
The results in Fig.9.13 have been calculated on the basis of 
Beardsley's approach. The governing assumptions in this case are: 
(1) All the horizontally entrained mass is acted upon. 
1. Volpich and Bridge, Part II, P.498 
2. E.S.D.U. Item 70015 
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(2) The forces occur as the blade passes the bottom of 
its passage (where it has maximum horizontal velocity rearwards). 
(3) The forces are calculated using the perpendicular velocity 
expressions (4.20 and 4.21). 
This final point was not part of Beardsley's approach but then 
he took no account of blade angle, ¢. To use the expressions, a is 
set to zero, for the blade at the bottom of the passage. They now 
give the maximum velocity change occurring at this blade position. 
Multiplying by the entrained mass then gives the momentum change and 
hence the blade forces. In comparison with the experimental results 
of Fig.9.12 the following may be noted in Fig.9.13: 
(1) Forces are linear with wheel revolutions. This is 
because the mass acted upon is independent of wheel revolutions. 
(It is the same as the ent~ained mass used in the impulse theory 
for the case after cavity intrusion, and is given by expression (4.7) .) 
(2) In spite of this difference, the lift force magnitudes, 
and their relationship to immersion depth compare well with the 
experimental results. 
(3) Thrust forces, however, are much greater than those of 
experiment, and their order with immersion depth is again opposite 
to that of experiment. This model is further from the experimental 
results than the flat plate drag model of Fig.9.11. 
Finally, Fig.9.14 shows the lift and thrust forces as calcula-
ted by the impulse theory for the same conditions. This assumes that 
the force occurs impulsively at blade entry and the mass acted upon 
is the induced mass of the immersing blades. The following may be 
noted: 
(1) The vertical scale for both lift and thrust forces has 
been increased by a factor of three so that the figures may be 
readily compared. The fact that this theoretical approach produced 
such small forces, at first directed attention away from the impulse 
theory. 
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(2) In spite of the discrepancy in the force magnitudes it 
is clear that the curves in Fig.9.14 and those of experiment (Fig.9.12) 
have much the same relationship between lift and thrust, and with 
immersion depth: the thrust forces decrease with immersion depth and 
the magnitudes are small as compared to the lift forces as in Fig. 
9.12. 
It is apparent from the results calculated on the bases of 
these three hypotheses that the impulse theory hypothesis, assuming 
that all the force is generated at the moment of blade entry, gives 
the most accurate estimate of the direction of the resultant LPW 
force. This, however, is not the complete picture as the impulse 
theory fails to account for the magnitude of the resultant force. 
9.3.2. Induced Mass and Flat Plate Drag in Experiment 
A number of hypotheses may be proposed to account for the 
discrepancy in the force magnitudes as given by the impulse theory. 
The first three of these refer to the force equation, in this case 
the lift force equation, L = m6V, expression (4.11). 
v 
1) The calculated value of the change in vertical velocity, 
6v , is lower than in practice. 
v 
2) The calculated value of the induced mass per second, m, 
is lower than in practice. 
3) A combination of both of these. 
4) Surface impact phenomena such as Wagner's wedge entry 
theory (see section 4.8) have not been taken into account. 
5) There is a significant component of flat plate drag force 
still present in the high speed situation although the impulse theory 
assumed it to be insignificant (see section 4.5). 
These hypotheses will each be examined briefly. 
It is difficult to imagine for (1), that components of vector 
velocity could be a factor of three small, since vector estimates of 
flow generally afford a much more precise model of momentum changes 
than this. 
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In (2) it can be imagined that in the splash and other tran-
sient conditions of blade entry the normal analytical models of 
induced mass may not be entirely reliable, but a factor of three is 
too large a discrepancy to be reasonably considered. 
For (3), then, it is barely conceivable that these two factors 
in combination could account for the discrepancy. Nevertheless at 
this stage the impulse theory coefficients have been based on this 
hypothesis as being the most easily dealt with of all the possibilities. 
If the transient forces of hypothesis (4) were to be the reason 
for the force discrepancy the error would be expected to increase with 
the angle S between the blade and the water (see Fig.4.14 defining S) 
since this was one of the results of Wagner's theory (see section 4.8). 
This is clearly not the case, since the forces in Fig.9.14 are pro-
portionally in error throughout the whole range of immersion depths 
shown. (S = (~-8), and for the range of immersion depths shown, 
8 = 23.5° to 59.7°, so that S covers the range of S = 0° to 36°, with 
no apparent increase or reduction of the forces because of this varia-
tion.) 
In practice the most reasonable of these hypotheses is the last, 
(5). Unfortunately it complicates the picture of LPW forces. 
First, it should be noted that cavity intrusion (as opposed 
to surface cavity intrusion, as shown in Fig.l.7) is occurring almost 
throughout the calculated range shown in Figs.9.ll to 9.14. This means 
that, should flat plate drag forces be calculated rigorously for Fig. 
9.11 account should be taken of the fact that each blade would emerge 
into the previous blade cavity well before it had completed its 
passage back to the water surface. Thus the flat plate drag model of 
LPW forces shown in Fig.9.ll should really only involve calculations 
for the first part of the blade passage. This would necessarily 
reduce the magnitude of the resultant forces as well as giving a re-
sultant force direction closer to that of the blade entry model. 
Calculations of flat plate drag for such a model involve the difficulty 
of estimating the position of the cavity left by the last blade. 
Second, confusing this picture of steady flow flat plate drag 
forces is the fact, as outlined in section 4.6.5, that the impulsive 
action of the entering blade accelerates the water beneath the blade 
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to its entry velocity, then the blade decelerates relative to the 
water. This deceleration is sometimes so marked that air enters 
around the edges of the blade to the pressure side as shown in 
Fig.9.15. Any flat plate drag component of force must occur during 
the time when there is a velocity difference between the water and 
the blade, and the length of this time is clearly difficult to 
estimate. It is apparent that any flat plate drag addition to the 
impulsive entry forces will also occur only during the first moments 
of entry so that the direction of such forces will coincide with 
that of the impulsive entry forces. 
Because of the difficulties associated with estimating the 
magnitude of this drag component analytically, it can, at present, 
only be assumed to be the major reason for the discrepancy between 
the theoretical and experimental force magnitudes. This discrepancy 
is incorporated into the impulse theory using the experimentally 
derived 'C' coefficients (see section 9.9). These coefficients, 
therefore, have magnitudes of about 3. 
By way of conclusion it may be said that the conditions at 
blade entry have been confirmed by experiment to be the controlling 
factors in determining the direction of the resultant force on the 
planing LPW. Theoretical estimation of the magnitude of this force, 
however, is made difficult by the transient conditions under which 
the force is generated. Only its unsteady component may be readily 
estimated, the remainder being most easily dealt with by using an 
experimentally derived coefficient. 
9.4 THE EFFECTS OF THE VARIABLES ON PERFORMANCE 
This section examines each of the LPW variables in turn, com-
paring the theoretical predictions with measured results. Both LPW 
forces and propulsive efficiencies are used in these comparisons as 
the measures of performance. 
9.4.1. The Use of Dimensionless Coefficients for Comparison 
Purposes. 
It has been found useful to employ two sets of coefficients 
for the purposes of analysis in this chapter. These are the impulse 
theory coefficients, denoted 'C' and Beardsley's coefficients denoted 
FIGURE 9.15: WATER CAN BE SEEN TO BE MOVING AWAY FROM THE 
PRESSURE FACE OF THE BLADE AFTER ENTRY. 
STANDARD BLADE DIMENSIONS, ¢ = 15°, d/D = 0.1, 
V0 = 2.85 m/s, V0 /Vt = 1, SIDEPLATES, SUPER-
CRITICAL FLOW, PLANING 
FLOW 
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TABLE 9.16: THE FORCE COEFFICIENTS 
"K" coefficients from Beardsley: (section 4.2.1) 
Lift: KL 
L 
pn 2 D3 s 
Thrust: K T 
T 
pn 2D3 s 
"C" coefficients from impulse theory: (section 4.7 and 4.8) 
Before surface cavity intrusion: 
Lift: 
Thrust: CT 
L 
cos(cjl-8) (Vtsincjl-V0sin(cjl-8))~ pc 2 snB 8 
T 
sin(cjl-8) (Vtsincjl-V sin(cjl-8)}'Tf pc 2 snB 
0 8 
After surface cavity intrusion: 
Lift: CL c2L 
L L 
v .M cos(cjl-8) (Vtsincjl-V sin(cjl-8))pV sd 
v 0 0 
Thrust: T T CT c2T = v .M sin(cjl-8) (Vtsincjl-V sin(cjl-8})pV sd h 0 0 
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'K', and described in section 4.2.1. The impulse theory coefficients 
only apply in the planing mode for which the impulse theory was 
developed and are different in derivation both before and after cavity 
intrusion. 
Beardsley's 'K' coefficients however are not so limited and are 
therefore used more often in the comparison of data both before and 
after cavity intrusion and throughout all the velocity conditions of 
operation. In such comparisons the differences in derivation of the 
two types of coefficients must be kept in mind. They are tabulated 
in Table g,l6. 
g,4.2 Effects of Speed of Advance, V 
0 
Although paddlewheel researchers were not fully aware of the 
differences between displacement and planing modes of operation, 
those who tested wheels at high diametral Froude Numbers or high 
velocities have planing, propulsion data available for comparison. 
In Fig,g.l7 such data has been reduced to Beardsley's KT coefficient 
and a selection of LPW data can therefore be compared directly with 
the results of other paddlewheel researchers. The following points 
may be noted. 
1) At low velocities in the displacement and transition zones 
the LPW results for lift and thrust for the standard wheel are low 
compared with those of Beardsley, and Volpich and Bridge. These LPW 
coefficients appear relatively constant throughout the range of 
velocity. 
2) The results for the goo LPW (that is, with radial flat blades) 
approaches the coefficient values of Beardsley's wheels at higher 
velocities. Beardsley's wheels were specially designed for propulsion, 
and had cupped blades as shown in Fig.2.g. This would suggest that 
purpose built propulsion blades such as Beardsley's may only have an 
advantage over flat blades in the displacement mode. 
3) The goo LPW results are marginally greater than those of 
Wray and Starrett who used a five inch diameter wheel with radial 
blades (see Fig.2.6). 
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4) One result is included for Beardsley's fifteen-bladed 
wheel with radial blades. This is lower in value than the 90° 
LPW results for the six-bladed LPW. 
5) For the standard LPW with a blade angle of ¢ = 60° the 
thrust coefficient is lower than those of the other wheels it is 
compared with, while the lift coefficient, included for comparison, 
seems to follow the trends of other results, especially at high 
velocities. It is apparent from this that the LPW has traded off 
some of its thrust for lift force. 
In general these comparisons suggest that while the tested 
LPW appears to be giving low results in the displacement mode, when 
compared with other purpose built wheels its forces are closely 
comparable with those of other experimenters especially at higher 
Froude Numbers, in the planing mode. In such a comparison the fact 
that the standard LPW blades are angled must be kept in mind. As 
yet no good reason can be advanced as to why the LPW force coeffi-
cients are low in the displacement mode though this might be a 
diameter effect as implied by Wray and Starrett's results. 
Beardsley suggested that at high Froude Numbers, as speed is 
increased the thrust coefficient should remain constant for a fixed 
velocity ratio. (1) His results up to Fr = 2.5, as shown in Fig.9.17, 
generally confirmed this. LPW results have been obtained at still 
greater Froude Numbers with the continuation of the trend expected by 
Beardsley as also shown in Fig.9.17. This finding supports Beardsley's 
momentum model of paddlewheel forces (2) upon which was based the LPW 
impulse theory (see sections 4.2.1 and 4.3) thus tending to confirm 
both approaches. 
The fact, then, that the force coefficients become independent 
of velocity at planing speeds supports Beardsley's assertion and im-
plies that once the wheel is planing Froude effects may be neglected 
and constant velocity ratio (V0 /Vt) is a sufficient velocity condi-
tion for velocity scaling. This is a useful conclusion for a high 
speed craft. 
9.4.2.1 The Displacement to Planing Transition. It was shown 
in section 4.15.2 how the wakes for the displacement to planing 
1. Beardsley, P.20 2. Beardsley, P.l3 equation 8 and 
P.20 
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transition for the LPW or paddlewheel are similar to those for the 
same transition for planing boat hulls. The same value of the 
Froude Number based on waterline length can be used in both cases to 
define the change. This change can be observed as changes in the 
wave formations of the LPW wake as already shown in Figs.9.5 to.9.9 
and 4.32 and 4.33. Based on Beardsley's transition parameter (1) 
a range for the waterline length Froude Number was seen to be 
F = 0.64 to 0.85 for the transition (section 4.15.2). 
X 
Beardsley defined the depth Froude Number (1) 
where V 
0 
g 
d 
v 
0 
;gd 
speed of advance 
gravitational acceleration 
immersion depth. 
(4.51), (9.1) 
He considered that a transition relating gravity flow and immersion 
depth occurred where the flow into the cavity changed from chiefly 
gravity induced to chiefly horizontally entrained. 
This project has considered the change in the forces over the 
transition to occur for different but closely related reasons to those 
of Beardsley namely the transition occurs when the forces begin to 
be generated chiefly at blade entry rather than throughout the cavity. 
Both descriptions are helpful in showing what is occurring during the 
transition. 
It is of value to examine the 'K' coefficients, with immersion 
for the standard wheel through this transition, to see how well the 
changes in them correspond with the transition zones described by 
Beardsley and by this project. These are shown in Fig.9.18, which 
gives the lift coefficient, ~ against the waterline length Froude 
Number, F , while Fig.9.19 shows the lift coefficient against Beard-
x 
sley ·''s depth Froude Number F d, for the standard LPW. 
The following points may be made: 
1. Beardsley, P.20 
z 
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1) The dip in the K curves corresponds well with the chosen L 
transition zone for the waterline length Froude Number in Fig.9.18, 
as does the change in character of the K plots. The exception is 
d L 
the smallest immersion depth ( /D = 0.04, symbol *) which appears 
anomalous and is shown dotted. This may be because of the larger 
errors present in small force measurements for small immersions. 
2) The KL curves replotted using Beardsley's depth Froude 
Number in Fig.9.19 do not show quite such a good correspondence be-
tween the dip in the curves and his chosen transition zone. It is 
apparent, however, that either transition parameter used (Fd = 1.5 to 
2 or F 
X 
0.64 to 0.85) will give a fair indication of where the 'K' 
coefficients change their character. 
3) In all cases the curves show a different character each 
side of the transition zone. Before it they seem to be dependent 
upon Froude (or gravity) effects while after it they tend to become 
independent of Froude Number (gravity) effects. This point is signi-
ficant for the scaling of forces with changes in velocity, or Froude 
Number as noted above in section 9.4.2. It is also indicative of the 
different mechanisms being brought into play each side of the transi-
tion zone, as also noted above. 
The transition zone, then, occurs as predicted by the waterline 
length Froude Number based ori experience with normal planing craft, 
as well as by Beardsley's method. The former method is preferred here 
simply to be consistent with the established planing craft transition 
zone. 
9.4.3 Effects of Wheel Rotational Speed, n, Vt 
The effects of the rotational speed of the LPW have been noted 
in part in the preceding sections of this chapter and occur through 
most of the remainder as incidentals to the figures and topics under 
discussion. The effects are described here as a way of bringing to-
gether these scattered references and outlining some puzzling results. 
Planing speeds only will be used for comparison with the theory. 
As the wheel revolutions per second increase from rest at a 
speed of advance in the planing mode, the rotor is at first driven by 
the water as long as the velocity ratio is greater than one. (In 
Fig.9.3 at V = 2.36 m/s this is the case when wheel speed is less 
0 
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FIGURE 9·2.1: WRAY & STARRETT'S RESULTS REPLOTTED AGAINST KT. 
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than 3.1 rps). Under such conditions the lift force may be positive 
while the thrust is still negative. (This was noted in Fig.9.9(A) 
and discussed in sections 9.22, 4.8 and 4.14.3~) 
As the wheel speed increases and the velocity ratio becomes 
less than one, both lift and thrust become positive and increase 
al~ost parabolically with wheel speed. The blades leave cavities in 
the water (see Figs.4.25, 4.36, 8.11, 9.8(B), 9.9(B), 9.10) until 
the wheel speed is great enough for these cavities to begin to inter-
fere with the entry of the incoming blades, whereupon surface cavity 
intrusion occurs, (Fig.4.19(A) and (B)). 
In the plots of force against rps in Fig.9.3 the forces appear 
to increase with the square of wheel revolutions before surface 
cavity intrusion. Wray and Starrett also plotted their data on similar 
axes as shown in Fig.9.20 and the initial portions of their thrust 
curves are similar to those of the LPW data. Both the impulse theory 
and dimensional analysis (in expressions (4.2), (4.23), (4.25)) 
predict that these forces should be largely dependent upon the square 
of wheel revolutions. Thus a plot of Beardsley's 'K' coefficient 
(expression 4.3) against wheel revolutions for the lift force should 
show no dependence of KL upon wheel revolutions before cavity intru-
sion occurs. Such a figure is shown later in Fig.9.26, where it is 
apparent that this is not the case. Before cavity intrusion KL has a 
linear relationship with wheel revolutions. This result was also 
found to exist in wray and Starrett's data, a sample of which is re-
plotted in 'K' coefficient form in Fig.9.21 .. 
It would at first appear that this relationship exists because 
as the wheel speed increases (velocity ratio decreases) the angle of 
attack of the blades increases, as shown in Fig.4.13. This angle 
change would thus cause the forces to increase by more than the square 
of the wheel revolutions. 
In the impulse theory, however, this variation is taken into 
account by the maximum velocity expressions (expressions 4.20 and 
4.21 in section 4.6.7) so that the impulse theory 'C' coefficients 
should show no dependence upon wheel revolutions before cavity.intru-
sion. These 'C' coefficients for the lift force have been plotted 
against wheel revolutions in Fig.9.22 where it appears that this 
linear relationship with wheel revolutions still exists. 
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At present the reason for this extra dependence of LPW forces 
upon wheel revolutions is not clear. While it may be related to the 
blade exit forces, which have been ignored by the theory so far, no 
confirming evidence is yet available. It thus appears that the 
parabolic section of the force-rps plots may really be part of a cubic 
relation. 
As wheel revolutions increase towards cavity intrusion, bow-
splash begins to occur. This is possibly simultaneous with the onset 
of cavity intrusion though it may be unrelated (see sections 9.43.2 
and 4.9.1, and Figs.9.8(D), 9.9)D), 4.19(A)-(E)). This is the inter-
section region of the force-rps plot where the force-rps relationship 
changes from the apparently parabolic (or cubic) to an almost linear 
one. 
After cavity intrusion, the impulse theory has not defined the 
induced mass per blade and has assumed, along with Beardsley, that 
all the entrained mass is acted upon. While dimensional analysis, 
and Beardsley's 'K' coefficients indicate that the forces should, as 
before, relate to the square of the wheel revolutions (expressions 
4.2 and 4.3) the impulse theory predicts, in expressions 4.26 and 
4.27 of section 4.7.1 that the forces should have nearly a linear 
dependence upon wheel revolutions; the extra variation with wheel 
revolutions beyond a linear relation being accounted for by the effect 
of the increase in angle of attack noted above, and still present in 
the expressions. 
Reference to Fig.9.24 (later) (or Figure 9.3 or 1.6) shows 
that after cavity intrusion has occurred the forces apparently have 
a linear dependence upon wheel revolutions. This is in contradiction 
to dimensional analysis or Beardsley's 'K' coefficient predictions, 
but is in line with the impulse theory. As a check on the impulse 
theory prediction, the forces after cavity intrusion have been plotted 
another way. 
Fig.9.23 shows the experimentally derived 'C' coefficient for 
lift after cavity intrusion, plotted, in this case, against velocity 
ratio. A linear relationship between the coefficient and the velocity 
ratio indicates an inverse relationship between the coefficient and 
wheel revolutions. This means that the forces predicted by the 
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impulse theory would be too strongly dependent upon wheel revolutions: 
something less than this relationship is found in experiment. It 
will also be seen that the values for the 'C' coefficients are less 
than unity, reflecting the fact that not all the entrained mass is 
acted upon as induced mass, as assumed for this case after cavity 
intrusion. 
Thus the effects of the wheel revolutions upon the LPW forces 
are quite complex and some aspects of this variable have yet to be 
clarified. 
9.4.3.1 Surface Cavity Intrusion. Surface cavity intrusion 
was described in section 1.4.1 and Fig.l.7 and an analytical method 
of estimating it was given in section 4.9.3 and Appendix 5. This 
present section shows how it was estimated from the experimental 
results in their usual form, and compares the theoretical estimates 
with the experimental ones. 
Shown in Fig.9.24 are the lift and thrust curves for the 
standard wheel in the planing mode (V 
0 
2.36 m/s) at an 
depth of 30 mm. (These curves are taken from Fig.9.3.) 
immersion 
Superimposed 
on the curves are parabolic and linear sections (shown dotted) which 
have been sketched in by eye. The intersections of the dotted 
parabolas and the dotted linear sections have been taken as the point 
where surface cavity intrusion begins. As can be seen, it is diff-
erent for the lift and thrust curves, a variation not unexpected in 
experimental results. 
The value calculated analytically is 6.4 rps and this is shown 
on the figure as well. 
It is assumed that cavity intrusion is one and the same 
phenomenon for both lift and thrust components of the resulting 
force, so that in this case the analytical estimate seems a reasonable 
figure. 
The general reliability of the analytical method was assessed 
by estimating the beginning of surface cavity intrusion (S.C.I.) by 
eye as described above, throughout the measured results for flat-
bladed LPWs. The values of wheel revolutions thus obtained were 
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compared with the analytical estimates in a ratio: (experimental 
S.C.I.)/(analytical S.C.I.). The values of this ratio were plotted 
against immersion depth as shown in Fig.9.25. The expected value 
for the ratio was, of course, unity. 
The following points may be noted 
(l) There seems to be no consistent variation of the ratio 
with immersion depth: the analytical method seems quite valid in this 
respect. 
(2) On the whole the analytical method slightly underestimates 
the wheel revolutions at the onset of surface cavity intrus~on; since 
most points lie above the expected value of one. 
(3) The results seem to vary a little with blade angle so 
that the analytical method underestimates the onset of cavity intrusion 
at blade angles of 45° and less. 
In general the figure indicates that the analytical model pre-
dicts the phenomenon reliably enough for most purposes. 
While the above method of estimating surface cavity intrusion 
by eye has used the data in the standard form, a more emphatic illus-
tration of its presence is seen in plots of Beardsley's 'K' coefficients, 
Fig.9.26 is a plot of ~ against wheel revolutions for the standard 
wheel in the planing mode (2.36 m/s) and the peaks of the curves can 
be seen to occur close to the analytical estimates of the onset of 
cavity intrusion. 
It was pointed out in Appendix 5 that an experimental adjustment 
is contained in the analytical estimate for surface cavity intrusion. 
If this was not included, the calculated value back in Fig.9.24 would 
be 8.2 r.p.s. as shown. The calculated values for surface cavity 
intrusion without this adjustment are also shown in Fig.9.26. It is 
clear from this figure that the adjustment chosen gives a more reason-
able estimate than the calculations without it. 
9.4.3.2 Bowsplash in Observational Data. Bowsplash as seen 
in this project is the mound of aerated water pushed ahead of the 
LPW under certain conditions in the planing mode. Its probable 
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mechanism was described in section 4.9.1 and shown in Fig.4.19 
(A)-(E). It can also be seen in Figs.9.8 and 9.9. 
The concepts of the impulse theory and cavity intrusion have 
satisfactorily described LPW forces without reference to this 
phenomenon so that its presence may in fact be of little consequence 
for a real craft. Nevertheless it will be described here because 
of its possible relation to surface cavity intrusion and thence to 
force generation, as well as its presence in model craft tests. 
Fig.9.27 shows two photos taken from beneath the 6-bladed, 
¢ = 45° LPW in operation in supercritical flow in the glass-sided 
tank (as described in section 8.3). These photos were taken at the 
wheel rotational speed where bowsplash was just beginning. There is 
barely any detectable difference in wheel rotational speed between 
the two, yet in the second, bowsplash has begun to build up as 
evidenced by the froth on the upstream side of the wheel against 
the glass. The photos were taken to highlight the position of the 
cavity left by the last blade in relation to the incoming blade. It 
may be seen that the distance between the forward edge of the cavity 
and the rear edge of the incoming blade is close to half the chord of 
the blade. Much the same distance may be observed in Fig.4.19 (A) and 
(B). This distance is reminiscent of the experimentally derived dis-
tance, of the same magnitude, required between the cavity edge and 
the blade heel for the calculation of the surface cavity intrusion 
conditions in Appendix 5, and it suggests that the two phenomena may 
be related. To test this idea an examination was made of the photo-
graphic records, for the standard wheel under open water conditions 
at the Kainga tank. A range of wheel revolutions within which 
bowsplash began to occur was obtained for each immersion depth, and 
the results were plotted in Fig.9.28 with the experimental and 
analytical estimates of cavity intrusion. It is clear from this 
figure that at immersion depths greater than 10 mm for the standard 
d 
wheel (immersion ratios greater than D = 0.04) bowsplash occurs at 
a lower wheel speed than cavity intrusion. It also seems from Fig. 
4.19 (b) for a wheel with four blades, and from observations of the 
wheel with twelve blades that bowsplash generally occurs just before 
the onset of surface cavity intrusion, though this conclusion has 
yet to be checked for wheels other than the standard wheel. 
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As yet, it is not clear how this phenomenon affects the 
performance of the LPW, and while it is at present believed to 
increase the wave drag markedly, observed loss of propulsion, when 
bowsplash occurs, may in fact be a result of the concurrent onset 
of cavity intrusion, limiting the propulsive thrust forces instead. 
9.4.4 Effects of Wheel Size, D 
The literature of paddlewheels contains a number of attempts 
to analyse the effect of wheel size since this is important if re-
sults are to be scaled to full-sized wheels. Volpich and Bridge 
tested geometrically similar wheels of 0.518 m (1.7 ft) and 1.036 m 
(3.4 ft) in diameter and found essentially no difference between the 
force or propulsive efficiency results between the two (1) (section 
2.2.3). Wray and Starrett tested a 0.127 m (5 in) diameter wheel and 
apparently produced results which indicated degradation of performance 
because of wheel size (see Fig.9.17 in section 9.4.2) though as point-
ed out in section 2.2.5 there were a number of other possible 
explanations for their results. (2) 
Beardsley tested wheels of 0.152 m, 0.305 m, and 0.457 m 
(6 in, 12 in and 18 in) in diameter at an immersion d of 0 == 0.088 
(section 2. 2. 6). ( 2) Some of his data are shown in Fig.9.17. Although 
he found unexpected values for the smallest wheel (0.152 m) he con-
sidered this to be a result of inaccuracy of measurement at the low 
speeds of advance. He concluded that his force coefficient results 
for varying diameter were reasonably consistent for the conditions 
tested. His efficiency curves for the same tests showed a small but 
steady increase in propulsive efficiency with diameter. His results 
are reproduced in Fig.9.29. Based on this propulsive efficiency 
variation he suggested test wheels should be at least 0.3 m in diameter. 
This was discussed in section 5.8.1. 
This LPW project tested three wheel sizes close to Beardsley's 
tested diameters. In this case the wheels were 0.152 m, 0.242 m (the 
standard wheel) and 0.383 m in diameter. All were geometrically 
similar to the standard wheel with blade angle, ¢ == 60°. It was not 
possible to gather a large amount of data for the largest wheel as it 
readily overloaded the force balance motor. 
1. Volpich and Bridge, Part 1, P.348 
2. Beardsley, P.l5 
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With these three wheels the trends found by Beardsley were 
confirmed. Fig.9.30 shows the LPW lift coefficients, ~' for the 
three wheel diameters at the immersion ratio ~ = 0.041. The lift 
coefficient was chosen as thrust forces are small for the wheel with 
a blade angle of ¢ = 60° in the planing mode, and lift forces would 
be expected to vary with diameter in the same way as the thrust 
forces. It is clear from this figure that the coefficient values 
show no distinguishable trend with diameter. This was found to hold 
for all immersion depths and velocities in the planing mode where 
the three diameters could be compared. 
This confirms Beardsley's conclusion that force coefficients 
are consistent with diameter, though in this case only the high speed 
planing results have been examined. 
An examination of the propulsive efficiency, n, for the three 
sizes of wheel while a little more confusing generally supports 
Beardsley's findings. As shown in Fig.9.31 the efficiency values 
above a velocity ratio of 0.3 are seen to increase with diameter. 
This figure is again representative of the range of planing velocities 
and immersion depths compared. 
It would be appropriate to conclude, in the light of Beardsley's 
similar findings, that force coefficients in the planing mode do not 
alter with increase in wheel diameter from wheels as small as 0.152 m, 
while propulsive efficiency increases in the operational range with 
increase in wheel diameter at least up to 0.383 m and possibly up to 
0.518 m though not beyond this size, since this was the diameter of 
the small wheel in Volpich and Bridge•s results. Reliable scaling of 
propulsive efficiency would seem to require wheels at least as large 
as the size suggested by Beardsley (0.3) and possibly as great as 
0.518 m, though scaling of forces and force coefficients seems to be 
satisfactory down to wheels of 0.152 m diameter. 
9.4.5 Effects of Blade Span and End Plates, s 
The effect of blade span was investigated by Volpich and Bridge 
and by Beardsley with the common conclusion that thrust force in-
creases directly with span with no change in propulsive efficiency. (1) 
Because of this Beardsley included a term for span in his thrust 
1. Beardsley, P.l6 
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coefficient, KT, thereby normalising it for span equal to diameter, 
(expression (4.2)). Beardsley suggested that for open-ended rotors, 
with no endplates, with spans less than half the rotor diameter a 
degradation may be found. 
The LPW tests on the standard wheel all had spans of 0.31 D. 
Thus by Beardsley's reckoning a force degradation effect might be 
expected. 
To test this a series of results were taken with span to diameter 
s s s 
ratios of D = 0.16, D = 0.31 (the standard wheel) and D 0.63. 
Additionally the standard wheel was tested with eridplates extending 
to the blade tips. These plates were of 2 mm thick perspex and may 
be seen in all photographs of the wheel in the glass-sided tank; for 
example Fig.9.27. 
The results of these tests generally showed that a fall off in 
force coefficient values may be expected with~< 0.3. Thus wheels 
with spans less than the standard wheel span were the only ones to 
show the loss. Fig.9.32 was prepared to show these results and the 
following points may be noted: 
(1) The wheel with blades of half the standard span (~ = 0.16) 
show a markedly lower force coefficient than the other wheels through-
out the range of velocity ratios tested. This was typical at other 
immersion depths as well. 
(2) The results for the standard span (~ = 0.31) and twice the 
standard span (~ = 0.63) give results which barely differ especially 
before cavity intrusion, suggesting that~ may be as low as 0.3 
without appreciable effect. This is lower than the s = 0.5 suggested 
D 
by Beardsley as the beginning of this effect. 
(3) Endplates on the standard wheel actually reduced its 
force coefficient before cavity intrusion (in this case the lift 
coefficient) while making no difference after cavity intrusion. 
This is apparently because the endplate discs themselves throw up a 
thin sheet of spray (observed during the tests) which is sufficient 
to reduce the lift coefficient at high velocity ratios (low wheel 
revolutions). 
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The effect of span variation on propulsive efficiency is shown 
in Fig.9.33. It can be concluded with Beardsley that variation in 
blade span, even to small values (minimum of~= 0.16) has no effect 
D 
on propulsive efficiencies at least up to velocity ratios of 0.6. 
(Section 4.11 and in particular section 4.11.4 showed how, theoretically, 
power per unit thrust may be reduced, and therefore propulsive 
efficiency increased, by an increase in blade span or chord. It must 
be pointed out that these sections do not contradict the above findings 
of no change in propulsive efficiency with increase in blade span. 
This is because the expressions in section 4.11 do not assume constant 
velocity ratio for such improvements in power consumption. Thus, for 
a given fixed thrust force these expressions allow an increase in 
velocity ratio if the span is increased, so that in Fig.9.33 an 
increase in propulsive efficiency would be achieved by an increase in 
span by a momvement to the right. The expressions of section 4.11 
do not suggest therefore that the efficiency curves themselves move 
closer to the optimum value of efficiency for an increase in blade 
span.) 
The following observation may be made: The standard wheel 
endplates (wheel labelled 6.5, see Appendix 4 for results) on the 
static and displacement modes shows a lower limit to the lift and 
thrust forces than the standard wheel does (see Fig.9.1 and 2). 
This is believed to indicate that in the static and displacement modes 
the mass supplied to the standard open ended wheel by gravity induced 
flow comes not only through the bottom of the wheel cavity but also 
through the sides. When the sideplates are present (as in wheel 6.5) 
the upper limit of the force is necessarily reduced. 
In the planing mode, however, no mass supply comes through the 
sides of the wheel since it is all horizontally entrained, so the 
endplates no longer have any effect, and the forces are therefore the 
same as those of the standard wheel without endplates. 
9.4.6 Effects of Blade Chord, c 
There is little in the literature to assist in consideration 
of blade chord effects. This is probably because paddlewheels were 
not often operated with the inside or top edge of the blade immersed 
below the water level so that blade chord effects were hardly differ-
ent than immersion depth effects. (1) Blade chord does become a more 
important consideration with the LPW. In the displacement mode the 
1. Barnaby, Art. 176 
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blades; set at an angle, may readily become fully immersed during 
their passage. In this case the immersed area of blade is important 
in determining the blade forces and this is proportional to blade 
chord. In the planing mode the blade chord has a different effect 
again. Before surface cavity intrusion the blade chord determines 
the volume of the induced mass per blade which is acted upon by the 
blade. By the impulse theory this induced mass, and hence the blade 
force is proportional to the square of the blade chord. This is given 
by relation 4.15 (section 4.5) for the induced mass per blade: 
m' (4.15),(9.2) 
where m' 
p 
c 
s 
induced mass per blade at entry 
water density 
blade chord 
blade span. 
Thus any increase in blade chord should dramatically increase the mass 
acted upon by the wheel, and so by section 4.11.3 reduce the power 
requirements for a given craft. 
Offsetting this promising advantage, however, is the fact that 
the impulse theory assumed all the induced mass to be actuated at the 
blade tip, though, in fact, as the chord is increased the centre of 
mass of the induced mass per blade will move towards the wheel axis 
and therefore be on a smaller radius than before: (discussed in 
section 4.11.3 and Fig.4.27). 
After surface cavity intrusion the impulse theory predicts that 
blade chord will have no effect on the induced mass since only the 
outer part of the blade meets the water surface at all. 
showing surface cavity intrusion.) 
(See Fig.l.7(_C) 
These factors have produced a complex picture of the supposed 
effects of blade chord, for comparison with the experimental results. 
The LPW tests included a comparison of four blade chords: one 
quarter, half, one and two times the standard blade chord 
c . (0 = 0.026, 0.052, 0.013 and 0.026). The results of these tests are 
plotted in the form of the 'K' lift coefficients against velocity 
ratio in Fig.9.34. This coefficient form contains no allowance for 
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variations in chord (as it does for blade span; see Table 9.16) so 
any variation with chord should show. The following points may be 
noted: 
1) Before surface cavity intrusion (the right hand side) the 
coefficient values are strongly dependent upon blade chord. Fig.9.35 
is a plot of this relationship, KL vs c, from Fig.9.34 before cavity 
intrusion v for~ = 0.64. This point is marked on Fig.9.34. The 
relationship 
Vt 
shown in Fig.9.35 is close to linear and cannot readily 
be fitted to a parabola as predicted by the impulse theory induced 
mass relation which is shown dotted in Fig.9.35. There are two 
possible explanations for this observed linear relationship between 
the 1 K 1 coefficient and the chord c : 
(a) The proximity of the water surface, the assumption that 
all induced mass is located at the blade tip, the 
effects of splash, the fact that the blades do not enter 
the water parallel to the surface and other factors 
assumed for the induced mass in the impulse theory 
(section 4.5) may all combine to reduce the effect of 
and increase in blade chord. 
(b) The flat plate drag description of force generation may 
be more appropriate since in the flat plate drag equation, 
force (and hence the force coefficient) is linearly de-
pendent upon blade chord, as shown in Fig.9.35, whereas 
in the impulse theory (expressions (4.23) and (4.25)) the 
force depends upon the square of the blade chord. 
2) The impulse theory prediction (expression (4.27)) that 
after surface cavity intrusion the forces are independent of blade 
chord so that all the curves of Fig.9.34 should coincide, does not 
seem to hold. The fact that the curves for the two larger chord values 
c c (- = 0.1 and = 0.207) seem to coincide is probably because the larger D D 
chord blades do not become fully immersed (immersion is% = 0.165 for 
c 
a chord ratio of D = 0.207). At smaller blade chords there seems to 
be some relation between blade chord and force coefficient which 
appears less than linear. This suggests a rather more confusing situa-
tion than predicted by the impulse theory, and is as yet not understood. 
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3) Calculated values of surface cavity intrusion marked on 
the horizontal axis in Fig.9.34 coincide with the curve peaks only for 
medium blade chords, suggesting that the theoretical estimates of 
surface cavity intrusion begin to break down for very large and very 
small blade chords. 
Efficiency would be expected to vary in much the same way with 
blade chord as with blade span, since an increase in both blade chord 
and blade span increase the mass acted upon per blade. The caution 
included regarding power reduction for increase in blade span in the 
last section (9.4.5) applies equally well to the case for the blade 
chord. It may be expected then, that an increase in blade chord 
would have no effect on propulsive efficiency as was the case with an 
increase of span, 
A plot of propulsive efficiency with blade chord is given in 
Fig.9.36. Any variation of efficiency with blade chord is within the 
scatter of data points. This trend was the same for all immersion 
depths examined. 
It can be concluded that while for small blade chords the forces 
may increase parabolically with chord increase as predicted by the 
impulse theory the general result is that before surface cavity in-
trusion an increase in chord causes a linear increase in force coeffi-
cient. After surface cavity intrusion an increase in chord causes a 
less-than-linear increase in force coefficients. The reasons for these 
effects are not yet clear. 
Propulsive efficiency seems unaffected by changes in chord both 
before and after cavity intrusion, though careful analysis of the data 
indicates a possible advantage for smaller chords. 
9.4.7 Effects of the Number of Blades, B 
This variable has produced confusing results each time it has 
been examined, so that Beardsley concluded that the number of blades 
should be between six and twenty though the reasons for this were not 
clearly understood. (l) It is felt that much of the confusion was 
caused by the presence of the transition in some data, as well as the 
effects of cavity intrusion which takes place at different velocity 
ratios for different numbers of blades, thus making comparisons 
difficult. 
1. Beardsley, P.l5 
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The impulse theory predicts simply that before cavity intrusion 
the forces (and 'K' coefficients) should vary linearly with the number 
of blades: This is a result of the induced mass flow rate equation 
4.16: 
m (4.16),(9.3) 
where B is the number of blades 
which is part of the lift and thrust force equations, (4.23) and (4.25). 
After cavity intrusion the impulse theory suggests there should be no 
variation in force with the number of blades since all the entrained 
mass is acted upon by the blades, whatever the number. 
The impulse theory itself makes no prediction for propulsive 
efficiency with the number of blades. Section 4.11.3 notes, however, 
that efficiency would be expected to be a maximum just before surface 
cavity intrusion, so that in as much as a change in the number of 
blades moves the point of operation towards this condition improvements 
in efficiency may occur. Section 4.14 notes that the larger the 
number of blades the more water is carried above the surface by them, 
the more rotational kinetic energy .is left in the wake by them, and 
the greater their air drag. For these reasons a larger number of 
blades would be expected to give a lower efficiency. 
The effect of the number of blades on the 'K' lift coefficient 
is shown in Fig.9.37. These points may be noted: 
1) Before surface cavity intrusion the coefficients are 
almost linearly dependent upon the number of blades. This is 
essentially as predicted by the impulse theory: Fig.9.38 taken from 
Fig.9.37 at the point shown clarifies this relationship. 
2) After surface cavity intrusion (to the left) the curves 
almost converge to a single line as predicted by the impulse theory. 
There seems to be some degradation in the lift force coefficients 
for the larger number of blades as would be expected of the lift 
coefficient if more water was thrown up by more blades. 
3) The six and eight blade values before cavity intrusion 
seem to be somewhat higher than would be expected of a linear 
relationship. This is evident both in Fig.9.37 and in Fig.9.38 and 
after cavity intrusion before cavity intrusion 
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seems to suggest an optimum for lift force at these blade numbers. 
This is however only a marginal advantage and may in fact be only 
present in the test wheels. 
4) The cavity intrusion values as calculated are close to, 
but do not exactly coincide with the peak lift coefficient values. 
This helps to support the analytical method for estimating surface 
cavity intrusion in regard to blade numbers. 
The effects of the number of blades on propulsive efficiency 
were examined by Beardsley who used wheels with curved blades. His 
results are shown in Fig.9.39 where the lowest number of blades he 
tested was twelve. Unfortunately his results cover the transition 
zone as shown but the peaks of his curves are in the planing mode 
and therefore comparable with LPW results. It is difficult to esti-
mate the equivalent of surface cavity intrusion for Beardsley's 
wheels because his blades were curved, but it is probable that the 
dip in the curve for the sixty-bladed wheel is largely such an effect. 
The efficiency results for the LPW with varying blade numbers 
are given in Fig.9.40 where the immersion ratio is close to that of 
Beardsley's results in Fig.9.39. The following points may be made: 
1) Unfortunately there are not enough data points at the high 
velocity ratio end of the plot to adequately define the efficiency 
peaks which exist there. As well as this the points in this region 
are scattered and unrealiable: both of these factors are because the 
measurement forces and wheel rotational speeds were low under these 
conditions. 
2) The calculated positions of surface cavity intrusion are 
marked on the plot and in all cases the efficiency curve peaks occur 
at a higher velocity ratio (lower wheel revolutions) than where cavity 
intrusion occurs (to the right of the cavity intrusion points in the 
plot). While this supports the assertion of section 4.14.3, that 
maximum efficiency should occur just before surface cavity intrusion 
some doubt is thrown on the relationship between these variables by 
the 3 blade efficiency peak, which seems to occur well before the 
calculated cavity intrusion point. 
368. 9.4.8 
3) The larger the number of blades the further to the right 
(the higher the velocity ratio) the efficiency curves are taken. The 
peaks, however, do not approach the ideal efficiency as closely. 
These trends are both present in Beardsley's results in Fig.9.39. 
4) After surface cavity intrusion the efficiency curves for 
all cases join into a single line with a value about half the ideal 
propulsive efficiency. (This value depends upon blade angle.) 
5) Peak efficiency values compare well with Beardsley's peak 
values in Fig.9.39 even though the 60° blades of the LPW's were not 
intended solely for propulsion as were Beardsley's wheels, and the 
LPW's were half the diameter of Beardsley's wheels. 
6) For the range of blade numbers tested both by Beardsley 
and in this project in Figs.9.39 and 9.40, the peak efficiencies occur 
between velocity ratios of 0.5 and 0.8; 12 or 15 blades would seem to 
give the greatest efficiency peaks at a velocity ratio of about 0.72, 
supporting Beardsley's assertion that paddlewheels should have between 
12 and 20 blades. (l) 
7) The six and eight blade LPW efficiency peaks seem to be 
low compared to the other results. It is not clear whether this is 
a real trend or simply a lack of reliable data points for these wheels. 
8) While n = 0.55 is the maximum propulsive efficiency shown 
here, higher values were observed in the data for smaller immersion 
depths. 
To conclude: the force coefficients were found to vary with the 
number of blades largely as predicted by the impulse theory while 
propulsive efficiency values showed the expected variation with surface 
cavity intrusion and gave maximum efficiency peaks for twelve (to 
fifteen) blades for the immersion depth examined. 
9.4.8 Effects of Blade Angle, ¢ and Immersion Depth, d,8 
The blade angle variable is a pivotal component in the operation 
of the LPW, since it is this which divides the resultant wheel force 
into appropriate lift and thrust components. It is found to be 
intimately related to the immersion depth and the close relationship 
l. Beardsley, P.l6 
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between these factors has been discussed in terms of the thrust to 
lift ratio in section 4.10.1 and is examined later in this chapter 
in section 9.5. Here the relationship is examined from the broader 
perspective. 
Very little is contained in the literature on blade angles, 
as such, though there is some discussion in terms of the angles of 
feathering blades. Volpich and Bridge hold that blades should be 
kept vertical during their passage for optimum performance, (1) and 
this assumption appears to be general in paddlewheel literature, on 
the grounds that the blades should enter and leave the water without 
excessive shock or splash. Results indicate that the feathering 
wheels give up to 10% better propulsive efficiency than radial 
wheels. (2) Barnaby notes that by contrast radial blades are" .... 
wasting power by thrusting downwards at entry and upwards at exit."(3) 
Immersion depth, on the other hand, has been examined more 
extensively and the general findings are summarised by Beardsley: 
" ... greater blade immersion depth produces increased thrust and torque 
and lower maximum propulsive efficiencies."(4) 
The LPW project has indicated both by theory and experiment that 
blade forces depend upon both blade angle and immersion depth. Fig. 
4.24 showed this relationship for the theoretical wheel force, (section 
4.10.3) and a similar figure produced from the experimental results is 
shown in Fig.9.41. As can be seen the vertical scales are in terms 
of the force divided by an induced mass flow rate, m. In both the 
theoretical results in Fig.4.24 and the experimental results in Fig. 
9.41 the same induced mass flow rate has been assumed, as that given 
by expression (4.16). In comparing the experimental and theoretical 
figures the following may be noted: 
1) The experimental values are around one quarter of the theo-
retical values since the experimental mass flow rate is about four 
times as large as the theoretical one. This discrepancy has already 
been discussed (section 9.3.2) and is later dealt with using 
coefficients (section 9.9). 
2) In spite of this the peaks of the experimental curves 
occur at the same angles as the peaks of the theoretical curves so 
l. Volpich and Bridge, Pt.II, P.493 3. Barnaby, Art.l76 
2. Volpich and Bridge, Pt.I, P.352 4. Beardsley, P.l9 
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that theoretically and experimentally, maximum lift may be obtained 
for blade angles ¢ = 40° to 60° and maximum thrust may be found 
between ¢ = 90° and ¢ = 105° for the velocity ratio of these results. 
(These peaks shift a little with changes in velocity ratio.) 
3) For blade angles less than 60° the relation between the 
different immersion depths is the same for both theory and experiment, 
while for blade angles greater than 60° the experimental curves for 
both lift and thrust begin to fold over each other, and in the theore-
tical case they remain in their previous order. The two following 
points help to clarify why this might occur: 
4) The impulse theory takes no account of blade exit forces. 
Certain conditions of blade exit would be expected to throw more 
water up than others; these would be large blade angles and deep immer-
sions. From these considerations it would be expected that lift forces 
would be lower than those predicted by the impulse theory when blade 
angles and immersions are large. This is apparently what is occurring 
in the plot of the lift force in Fig.9.41 where at large blade angles 
the curves pass through zero earlier than they do in the theoretical 
curves of Fig.4.24. These exit forces would not be expected to 
influence the thrust forces. 
5) The range of force variation with immersion depth is much 
greater in the experimental plot than in the theoretical. In the 
experimental results it appears that the magnitude of both the lift 
and thrust forces is more dependent upon immersion depth than in the 
theoretical results. A partial explanation for this is the fact that 
for the smaller immersion depths the blades will at no time during the 
passage become fully immersed. Thus it would be unreasonable to 
assume the same induced mass for small immersion depths than for the 
large. This assumption, however, has been made for Fig.9.41 because 
of the difficulty of accurately determining the induced mass of a 
partly immersed blade. The result of this is that the forces for the 
small immersion depths in the experimental results of Fig.9.41 appear 
smaller than they would, had this been taken into account. (See 
section 9.9.1 for a method of estimating this limited chord.) 
1) 
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6) For blade angles of¢= goo, and over, the experimental 
thrust results indicate that thrust is dependent upon immersion depth. 
This confirms the general conclusion given by Beardsley when it ia 
remembered that Beardsley's results, and those of most researchers 
will be for blade angles between¢= goo and 130°. (Beardsley's (l) 
were l20°,see Fig.2.g). 
7) The theoretical results for thrust over ¢ = goo do not 
follow this trend with immersion depth. This seems to be related 
to the fact that the theoretical results are not as strongly related 
to immersion depth as the experimental results and in this case has 
the theoretical model contradicting the experimental results. Put 
another way a greater vertical spread of the thrust curves of Fig.4.24 
would show such dependence of thrust upon immersion depth. 
Appendix 4 contains data plots like those of Figs.g.l. 2 and 3, 
for blade angles of 45°, 75°, goo and 120°, where the effects of blade 
angle may be compared to the results of the standard wheel (¢ = 60°) 
in Figs.g.l, 2 and 3. The most notable feature of these results is 
that the lift force before cavity intrusion is almost non-existent when 
the blade angle is close to goo. This is different than the theoreti-
cal prediction and is reflected later in the coefficient equations 
Fig.g.47(H). 
In conclusion, then, the lift and thrust forces vary with 
immersion depth and blade angle to a large extent as predicted by the 
impulse theory, through both lift and thrust forces, in practice, show 
a stronger dependence upon immersion depth than that indicated by the 
theory; the lift forces are smaller at large immersion depths and 
large blade angles in experiment apparently because water is lifted 
out on blade exit under these conditions. 
g,4.8.l Propulsive Efficiency with Immersion Depth. Beardsley's 
finding of an inverse relationship between propulsive efficiency and 
immersion depth (see Fig.g.4) is supported by the LPW results for the 
planing mode almost without exception. The efficiency plots of Figs. 
g,l, 2 and 3 are typical of LPW results, and Fig,g,42 shows the rela-
tionship with blade angle ¢. 
l. Beardsley, P.l8 
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The reason for this inverse relationship with immersion is 
believed to be that at smaller immersion depths the blades move 
more nearly horizontally during their passage and are therefore not 
.. "wasting power thrusting downwards at entry and upwards at exit."(l) 
This finding suggests that for a given craft larger wheels 
immersed proportionally less would give an improved performance in 
terms of propulsive efficiency, while this would seem to be at the 
expense of lift force. 
9.4.8.2 Propulsive Efficiency and Blade Angle. Propulsive 
efficiency for a velocity ratio of 0.56 is plotted against blade 
angle as shown in Fig.9.42 and the following noted: 
1) Efficiency can be seen to have the inverse relationship 
with immersion discussed in the above section (section 9.4.8.1), 
though this relationship seems to become less distinct when the blade 
angle, ¢, is greater than 90°. 
2) Efficiency peaks for the immersion depths shown, occur when 
the blade angle is between 70° and 105°, suggesting 90° is an optimum 
value. 
3) The fact that the efficiency value at the blade angle 
¢ = 120° and~= 0.083(+) is less than the value for the same immersion 
depth for¢= 60°, seems to explain why the LPW results for¢= 60° 
compare well with the efficiencies of Beardsley's wheels designed 
specifically for propulsion, but which had blade angles of ¢ = 120° 
at the tips. (See section 9.4.7 point 5, and Fig.2.9 showing Beardley;s 
wheel. See also section 10.9.) 
4) Since the velocity ratio has been fixed at 0.56 for this 
figure this is also the maximum theoretical efficiency as marked in 
the figure. 
By way of conclusion it may be said that the LPW results show 
the expected decrease in efficiency with immersion as found by other 
researchers, while the LPW experiments have given a broader perspect-
ive to th~s finding by showing that the blade angle, also, has a 
strong influence on propulsive efficiency. 
1. Barnaby, Art.l76 
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9.5 THE THRUST TO LIFT RATIO IN EXPERIMENT 
One result deriving directly from the impulse theory was the 
simple but useful expression for the thrust to lift ratio as given 
by expression (4.31): 
T 
L tan (~-8) 
where T thrust force 
L lift force 
~ blade angle 
8 depth angle. 
This relationship is found to be present in the experimental results, 
which helps to confirm the emphasis on blade entry in the impulse 
theory and justifies the use of the expression (4.31) as a means for 
dealing with the relationship between the LPW forces. As predicted 
by the impulse theory, this relationship is found to exist for the 
planing LPW both before and after surface cavity intrusion. 
The plot shown in Fig.9.43 was prepared from the standard 
wheel results, using also some results for the standard wheel at 
greater immersion depths. (These results are tabulated in Fig.7.3.) 
The expected result is shown dotted and the two cases, before 
and after cavity intrusion have been drawn in as linear relationships. 
Several points may be made: 
(1) Straight lines may justifiably be drawn through the clusters 
of data points in both cases though the data points are scattered, 
especially for the case before cavity intrusion where the forces are 
small. This generally confirms the expected linear relationship be-
tween the ~ ratio and tan (~-8). 
(2) The slope of both lines is somewhat at variance with the 
slope of the expected result, though the deviations are barely beyond 
the scatter of experimental points. These deviations become understand-
able if the relation is rewritten as follows : 
T 
L tan (~-8) 
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where CT impulse theory thrust coefficient (section 9.9) 
impulse theory lift coefficient. 
It is apparent that the deviation of slope from the expected, for the 
two cases, is because CT # CL. 
(3) Both lines, as drawn, fail to pass through the origin. 
The scatter of points, however, just allows both lines to be drawn 
through the origin within the uncertainty of the figure. It remains 
unclear as to whether this trend is really a deviation from the 
theoretical relationship. 
Thus with some reserve regarding this final point, the thrust 
to lift relationship as proposed by the theory is found to hold in 
the experimental results. 
9.6 WINDAGE LOSSES WITH LPW'S 
The windage losses associated with the LPW have been treated 
in two separate ways: 
1) Rotational air drag of the LPW's in still air which 
absorbs some of the wheel torque; 
2) Frontal drag of the rotating LPW's,which increases 
the drag of the LPW craft. 
To determine the first of these, a brief set of experiments was 
conducted during the final debriefing of the force balance. The 
coefficient used for this, KP was discussed, in theory, in section 
w 
4.13.2. The ideal test to determine such a coefficient would involve 
moving the rotating wheel at the required speed of advance through 
air while appropriately shielding the "immersed" lower portion. Torque 
measurements would then be made. Proper measurements of this sort 
could not be readily made at the Kainga testing tank because the LPW 
was in the air wake of the Rating Car and it was not seen as important 
enough to set the equipment up specially for such tests. Instead the 
force balance was mounted on the bench and the wheel rotated in the 
open, clear of obstacles, and torque measurements made over a range 
of wheel revolutions. The results obtained were expected only to give 
an estimate of these losses. 
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From the measurements of torque, the windage power coefficient, 
KP , was calculated and the results were plotted in Fig.9.44 against 
w 
wheel revolutions. The following may be noted: 
1) The actual torque magnitudes were 0-0.5 Nm often being 
at the bottom limits of the resolution of the torque sensor, so that 
where the torque was especially small (as at low wheel revolutions) 
the results contained considerable scatter. 
2) For blade chords less than O.lD and blade spans less than 
0.3D KP increases from the general grouping of other results. 
w 
(These same reduced span and chord dimensions cause degradation in 
the LPW forces, as discussed in sections 9.4.5 and 0.4.6). 
B. 
3) There is a small dependence of KP upon the number of blades, 
w 
Although these small deviations exist it seems that for wheels 
likely to be used a reasonable estimate for KP = 16.0 ± 1.5. 
w 
The second windage loss to LPW's is that of frontal drag associa-
ted with a rotating wheel in a moving air stream. A single exploratory 
test was undertaken to determine the worth of undertaking more extensive 
tests, with the result that the rotating LPW frontal drag may be treat-
ed simply with known drag coefficients. 
For this test a model craft LPW was held in the chuck of an 
electric drill which was mounted on the wind tunnel balance in such 
a way that the wheel axis was perpendicular to the air flow, and the 
wheel rim just cleared the tunnel floor. The drag of the drill and 
rotating LPW was determined, and the drag of the running drill with-
out the LPW was subtracted from it. Interference between the drill 
and the wheel was neglected. The small wheel used (D = 0.152 m) had 
a Reynolds Number of 9.2xl0 4 for the conditions of the test, and the 
resulting drag coefficient value was CD = 0.14. This drag coeffi-
cient value is found to be very close to drag coefficient values 
for equivalently short cylinders, with surface roughness, in flow of 
the same Reynolds Number. (1) 
1. Massey, P.290 and P.295 
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It was found that beyond a certain minimum value the speed 
of rotation had only a marginal effect on the drag force. 
It seems, then, that the frontal drag of the rotating LPW 
may be treated as that of the equivalent, rough cylinder and the 
drag coefficient for all expected speeds and sizes of LPW's will 
probably be close to CD = 0.14. 
9.7 SPRAY FORCES AND LOSSES 
Under some conditions the LPW throws up a large plume of spray. 
This generally occurs at low velocity ratios when the wheel is spin-
ning fast. No measurements of the amount of water lifted as spray by 
the LPW was attempted during the tank tests. Subsequent model LPW 
craft tests, however, have indicated that such spray can give signifi-
cant additional lift forces if it is redirected by spray guards. 
These extra lift forces generally occur before the model has lifted 
off and the wheels are turning fast relative to the water. There seems 
also to be a significant drag force introduced to the model craft as 
the spray strikes its spray guards. 
One observation made during the tank tests indicates the magni-
tude of spray forces. The splash guard shown in Fig.5.29 was 
occasionally lifted by spray under high speed operating conditions. 
This box could be pivoted about its forward attachment to the Rating 
Car, by a force of 11.5 N applied at its rear edge. The spray thrown 
up inside the box by the enclosed LPW must have exerted forces exceed-
ing this value. Since LPW lift forces were rarely over 20 N this 
suggests that under some conditions LPW spray may be employed to give 
an additional lift force against suitable spray deflectors of about 
50% of the normal lift given by the LPW. 
It should be pointed out, however, that in normal high speed 
operation the model LPW craft made very little spray. 
9.8 POWER ESTIMATES AND MEASUREMENTS 
An attempt was made in the theory section 4.14 to make out a 
power budget for the LPW, by estimating where its power was consumed. 
This total power estimate, given in expression (4.43), is repeated 
below. In this expression all the factors, bar one, could be assessed, 
the remaining term for power lost to spray has yet to be estimated. 
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where P. 
l 
PT 
p 
lost 
PL 
p 
w 
p 
spray 
p 
rot 
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(4.43). (9.4) 
total input power 
thrust power, for propulsion 
horizontal kinetic energy left in wake 
power required for lift 
rotational windage loss 
power lost in energy of spray 
power left as rotational KE in water 
Evaluation of each term in this relation is found to depend strongly 
upon the magnitude of the LPW forces involved. For example the lift 
power as given by expression (4.41) was: 
(4.41),(9.5) 
It has already been noted that the lift force found by experiment is 
about three times as great as the theoretical lift force (section 9.3.2, 
and section 4.8) and this is allowed for by a coefficient primarily 
attached to the induced mass flow rate, m. Thus the lift force equa-
tion (expression (4.11)) is modified to: 
where V 
v 
L 
expt 
L 
expt 
vertical velocity change in the water 
lift force by experiment 
induced mass coefficient for lift or 
impulse theory lift coefficient. 
(This is described more fully in section 9.9). 
Any realistic estimate of the lift power, PL, should include 
the experimental values for lift and induced mass flow rate, so that 
expression (9.5) becomes 
(9. 6) 
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and since L 
expt C .L this may be rewritten: L theory 
where L 
expt experimental lift force 
L v .m by 
theory v expression (4.11) 
m induced mass flow rate 
CL impulse theory lift coefficient 
attached to m 
PL power used in lift. 
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The same sort of procedure may be used to find the values of the 
forces and induced mass flow rates in each of the terms in the ex-
pression for input power, P., above (expression (9.4)); except for 
l 
the P term. The other terms in expression (9.4) may be listed: 
spray 
p 
lost 
T V 
expt o (from (4.32)) 
(from (4. 33)) 
P 16.0 (nD) 3 S c sin¢ B(from (4.42), 
w 
and section 9.6) 
p 
rot 
(from section 4.13.3) ,(9.7) 
In order to test the power estimate given by expression (9.4) 
the coefficient computer programme (see section 9.9.3) was run for 
the standard wheel in the planing mode and the total input power P. 
l 
less the value lost to spray, P 
spray was calculated using the above 
expressions. The resulting value was then compared with the actual 
experimental power, in a ratio denoted C . Thus: p 
c p 
Actual Power 
p - p 
. i spray 
(9. 8) 
The results of this comparison are shown in Fig.9.45 which 
contains the data for the standard wheel only. These points may be 
made: 
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1) A mean value for C is about 1.7 and this value seems p 
to hold up to high velocity ratios (0.8) where the scatter of data 
points makes it difficult to estimate. 
2) There is some inverse dependence of C with immersion depth, p 
this being more pronounced at higher velocity ratios. 
3) Brief examination of other blade variables suggests that 
this value for C is general, though for low planing speeds p 
(F 
X 
0.85 to 1) it is a little higher, at 1.9, and at larger diameters 
it is probably lower perhaps even approaching 1.0 when D exceeds 0.5 m. 
4) The figure indicates that the proportion of the total LPW 
power lost to spray as well as other undetermined losses, amounts to 
between 60 and 100% more than the power consumed by the known mechan-
isms. While this is a large proportion to be unaccounted for, it is 
felt that at this stage of LPW development this is not unreasonable. 
5) It is doubtful that there is any merit in finding values 
of C for other LPW variables since the value found above is already p 
dependent upon the coefficient equations and the theoretical model, 
both of which contain uncertainties. It is felt, therefore, that this 
value for C is best left as a general adjustment to the power esti-p 
mates, keeping in mind that discrepancies with scaling are likely to 
be on the conservative side (see section 9.4.4). 
The main value of the result shown in Fig.9.45 is that, given 
the impulse theory and the impulse theory "C" coefficients the power 
consumed by the LPW may be calculated with sufficient reliability 
to be used in design calculations, without further recourse to the 
experimental results. 
9.9 THE COEFFICIENT EQUATIONS 
The impulse theory of LPW forces developed in section 4.7 
does not give the actual forces found by experiment. For this 
reason the impulse theory "C" coefficients have been developed to 
modify the impulse theory forces to represent those found in the 
real situation. 
In the basic force equations, for example the equation (4.11) 
for the lift force: 
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L mV 
v 
9.9 
(4 .11) 
the coefficient has been imagined as applying to the induced mass 
flow rate, m, (as discussed in section 4.8) so that the equation 
for the lift force found by experiment becomes: 
where C1L 
m 
v 
v 
L 
expt (9. 9) 
impulse theory lift coefficient, before C.I. 
induced mass flow rate 
vertical component of maximum perpendicular 
velocity. 
Two distinct approaches are contained in the impulse theory 
of section 4.7, one for the conditions before, and the other, after 
surface cavity intrusion. Since these two approaches have widely 
different ways of estimating the induced mass flow rate they also 
have different coefficients. Coefficients before cavity intrusion 
are denoted "C 1" and after cavity intrusion they are denoted "C 2 ". 
The appropriate coefficients can only be used once it is known whether 
the LPW is operating before or after surface cavity intrusion (cavity 
intrusion estimation is outlined in section 4.9.3). 
Close comparison of the experimental forces and the impulse 
theory forces showed that these induced mass "C" coefficients are 
slightly different for lift and thrust forces, and vary to some 
extent with each of the many LPW variables. While this makes it 
clear that the impulse theory, as it stands, does not give a complete 
picture of LPW forces, it can be employed for design calculations if 
these coefficients are known. 
Some time was spent, then, in determining coefficient values 
for each of the LPW variables using the computer programme described 
later in this section (section 9.9.3). Consequently the force 
coefficients, such as C1L above, have been found to be the product 
of a number of functions, each one representing the amount the LPW 
force varies from theory with the variable concerned. Thus, employing 
the notation used in the computer programmes the lift coefficient 
before cavity intrusion C1L, may be expressed: 
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ClL = SFl.CFl.BFlL.dF2.RPSlL.VOFl. DIAFl.¢FlL (9.10) 
This expression has been termed the lift coefficient equation. Each 
of the terms in this equation represents a simple function which 
indicates how the lift force differs from the theory with that variable. 
For example SFl is given by the function: 
where SFl 
s 
D 
0 0 8 SFl = (3.18 s/D). .. 
span function before cavity intrusion 
span of blades 
wheel diameter. 
(9.11) 
The terms in expression 9.10 (such as expression 9.11) have 
been called the variable functions. They are given in full in Table 
9.46(B) with their notation, as well as the variable functions for 
all the other coefficient equations used. For further clarification, 
the variable functions have been plotted in Fig.9.47 (A)-(Q) and are 
described more fully in section 9.9.2. 
There is a similar expression to the lift coefficient equation 
(9.10), for thrust before cavity intrusion, one for both the lift and 
thrust after cavity intrusion, and two further coefficient equations 
apply to the case when immersion depth is less than O.lD before cavity 
intrusion. This makes six coefficient equations in all, as shown in 
Table 9. 46 (A) • 
In this project most design calculations for the LPW craft 
have been performed by computer (Programme 'LPWCRAFT' described in 
section 13.6 and listed in Appendix 7) and it has been a relatively 
simple matter to incorporate the coefficient equations and their 
various terms into the programmes as they stand in Table 9.46. For 
hand computation of LPW forces, however, the values of these coeffi-
cient equations may best be established by reference to the plotted 
values of each of the terms in Fig.9.47. (Appendix 6 contains a 
worked example of LPW force calculations.) 
9.9.1 Limited Chord at Small Immersion Depths 
Before the coefficient equations can be used, special consider-
ations needs to be given to the blade chord. 
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TABLE 9.46 (A) 
THE COEFFICIENT EQUATIONS 
Before surface cavity intrusion; depth ratios greater than 0.042: 
Lift: ClL 
Thrust: ClT SFl•CFl•BFlT•dFl•RPSlT•VOFl•DIAFl•¢FlT 
Before surface cavity intrusion with depth ratios less than 0.042: 
Lift: ClOL 
Thrust: ClOT SFl•CFl•BFlT•dFl•RPSlOT•VOFl•DIAFl•¢FlT 
After surface cavity intrusion: 
Lift: 
Thrust: C2T 
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TABLE 9.46 (B) 
THE VARIABLE FUNCTIONS 
(These are depicted in graphical form in Fig.9.47 A-Q) 
(A) SPAN FUNCTIONS 
0. 8 
SFl (3.18s/D) 
SF2 /3.18s/D 
If s/c > 3 SF2 1.0 
(B) CHORD FUNCTIONS 
0. 3 
CFl = (D/(O.lc 1 . )) J_ffi 
If c 1 . /D > 0.1 CFl 1.0 J_ffi 
CF2 = (lOc/D) 0 • 33 
If c/D ? 0.103 CF2 
(C) BLADE NUMBER FUNCTIONS 
BFlL X•B 0 ' 28 
BFlT X/B 0 ' 62 
BF2 X/B 0 ' 25 
(D/lOc) 0 ' 13 
where X (27.0/(B2 + 25))sin2(TI(B-3)/14) + 0.8 
(D) IMMERSION DEPTH FUNCTIONS 
dFl (d/D) 0 ' 6 
(E) dF2 (D/d)0.667 
(F) VELOCITY FUNCTIONS 
0. 0 7 
VOF1 ( /gi)Jvo) 
VOF2 (V0 //gi)) 
(G) DIAMETER FUNCTIONS 
DIAFl 
DIAF2 
1.0 
D0.12 
0. 21 
9.9.1 
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TABLE 9.46(B) cont'd. 
(H) BLADE ANGLE FUNCTIONS * 
<j>FlL ¢ 0 • 15 sin2¢ 
<j>FlT ¢-0,25(1.0 + cos 2 2¢) 
(J) <j>F2L ¢-0,25 
<j>F2T ¢-0. 2 5 (0. 9· + 0.6 cosz2¢) 
WHEEL REVOLUTION FUNCTIONS 
(K) RPSlL 6.524 (Vt/V0 - 0.843) 
(M) RPSlT 26.31 (Vt/Vo - 0.843) 
(N) RPSlOL= 27.93 (Vt/Vo - 1.299) 
(P) RPSlOT= l36.74(Vt/Vo- l. 299) 
(Q) RPS2L 0.04934(1.0 + 5. 401 Vo/Vt) 
RPS2T 0.03854(1.0 + 5. 511 V0 /Vt) 
Notation: ... 1 •.. Before surface cavity intrusion 
..• 2 ... After surface cavity intrusion 
.. 10 ... Before surface cavity intrusion,~ <0.041 
... L A lift function 
.•. T A thrust function 
* 
s Blade span (m) 
D Wheel diameter (m) 
c Blade chord (m) 
clim 
B 
d 
g 
Vo 
¢ 
Limited blade chord (section 9.9.1) (m) 
Number of blades 
Immersion depth (m) 
gravitational acceleration (m/s/s) 
Speed of advance (m/s) 
Blade angle (radians) 
9.9.1 
Vt Blade tip velocity relative to wheel axis (m/s) 
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® t;:; 1 SF2 if s/c>3 SF2 
Span functions 
o~~--~~--~~--~~--~~--~~--~~ 
0·1 0·2 0·3 0·4 0·5 0·6 
2 span ratio s/o 
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If the immersion depth is small - somewhat smaller than the 
blade chord it is apparent that the blade will not become fully 
immersed during its passage. In this case it is difficult to know 
what the effective blade chord will be and, therefore, what the 
induced mass per blade, based on this chord, by relation (9.2) should 
be. In order to calculate LPW forces at small immersions a suitable 
method is required to estimate the effective chord. A number of 
methods have been tried and the method now used, while empirical, 
appears satisfactory though it has not been rigorously tested. This 
assumes that the effective part of t~e immersed blade chord can be 
determined when the wheel, turning slowly, has moved 7° past the 
point of entry, plus an extra amount inversely proportional to the 
depth angle, 8. As an expression this motion is given by: 
300 2 
ec = e - 7° - 4.5 (--8--) (9.12) 
At the angle 8 the effective blade chord can be measured as the 
c 
immersed blade chord, as shown in Fig.9.48. 
The effective blade chord may be calculated from the geometry 
of Fig.9.48 or measured from sketches. Alternatively these values 
may be read from Fig.9.49 which indicates how this theoretically 
limited chord varies with blade angle and immersion depth. 
In the calculation of LPW forces this limited chord c 1 . is J..m 
the value used in the relation (9.3) for the induced mass flow rate 
and it is the value used in the variable function for chord in the 
coefficient equations. (Table 9.46(B) part (B) or Fig.9.47(B).) 
To clarify the use of the coefficient equations in the calcula-
tion of LPW forces a worked example is included in Appendix 6. 
9.9.2 The Variable Functions of the Coefficient Equations 
The term "variable function" is used to describe an expression 
which modifies the theoretical effect of the LPW variable, to match 
its actual effect in practice. A set of variable functions is used 
to make up the coefficient equation. The variable functions and 
coefficient equations have been shown in Table 9.46 and Fig.9.47 
(A) - (Q). 
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In developing these functions it has often been necessary .to 
introduce constants. For example BFlT in Fig.9.47(C) for a six-bladed 
wheel would be expected to have a value near one. As shown, this 
function for blade numbers has a value of 0.27, so that it should be 
increased 3.7 times to suit the actual results. This constant, 3.7, 
and others introduced by other variable functions have in each case 
been incorporated into the wheel revolution constants, Fig.9.47 K,M, 
N,P and Q. For this reason these wheel revolution functions vary 
widely in magnitude. When all the terms in each coefficient equations 
have been multiplied together the coefficient equation maximum values 
are close to 4, as they accommodate the major discrepancy between 
theory and practice discussed in sections 9.3.1 and 9.3.2. 
Several further points may be made about the variable functions: 
1) The variable functions for both velocity and wheel diameter 
(Fig.9.47 (F) and (C)) show little variation from the expected values 
of unity. While some variation from unity is shown, this is within 
the experimental uncertainty marked on these two plots. It would, 
therefore, appear safe to scale LPW forces in terms of diameter and 
velocity as indicated by dimensional analysis and expect the results 
to be reliable. (Note, however, that propulsive efficiency varies 
with diameter as shown in Fig.9.31 and discussed in section 9.4.4.) 
2) The 
sian depth 
related to 
second pair of coefficient equations for the small immer-
case (~ < 0.042) before cavity intrusion seem to be closely 
the use of the chord limit, for small immersions (section 
9.9.1). These separate equations, and indeed the chord limit itself, 
may yet both prove to be unnecessary. Since this relationship has not 
yet been closely examined these coefficient equations remain at 
present as a functional part of the scheme. 
3) The variable functions for wheel revolutions before cavity 
intrusion (Fig.9.47 K,M,N and P) are plotted against the inverse of 
velocity ratio (that is, against wheel revolutions in a dimensionless 
form). These show linear plots which do not pass through the origin. 
This latter point indicates that LPW forces in fact fall to zero at 
wheel revolutions different from those indicated by the impulse theory. 
This has already been noted (sections 4.8, 4.14.3, 9.2.2) as being a 
probable result of blade exit forces and is in accordance with the 
propulsive efficiency falling to zero before the velocity ratio 
reaches unity (section 4.14.3}. 
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TABLE 9.50: CALCULATION STEPS USED BY PROGRAMME "ADDEDMASS" 
IN THE DEVELOPMENT OF THE COEFFICIENT EQUATIONS 
l. Read data from magnetic tape: ¢,d,n,T,L,T ,V , wheel code .. 
0 0 
2. Assign appropriate diameter span chord and number of blades 
for the wheel code. 
3. 
4. 
v 
0 Calculate preliminaries: , Vt' 8. 
vt 
Call subroutine "XYVG" to calculate angle of attack,y 
(see expression (4.18)). 
5. Calculate limited chord for small immersions 
(see expression (9.12)). 
6. Call subroutine "CIRPS" to calculate wheel revolutions 
at which surface cavity intrusion occurs (see Appendix 5) . 
7. Calculate mass flow rate appropriate to cavity intrusion 
conditions (expressions (4.16) and (4.7)). 
8. Calculate coefficient equations from variable functions 
(Table 9.46, Fig.9.47). 
9. Calculate vertical and horizontal components of maxm 
velocity expressions, Vv and Vh (expressions (4.20), (4.21)). 
10. Calculate theoretical lift and thrust at blade tip using 
coefficient equations, maxm velocity expressions, and 
induced mass flow rates (expressions (4.23) ,(4.25)). 
ll. 
12. 
13. 
14. 
L 
expt Calculate experimental:theoretical ratio e.g.: CCL= -L~~ 
calc 
Repeat steps 3-ll for blade centre of pressure conditions. 
Write out all data and resulting ratios. 
Stop. 
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4) The fact that the variable ~unctions for wheel revolutions 
before cavity intrusion have a linear dependence upon wheel revolu-
tions has already been noted in regard to the effects of wheel 
rotational speed, section 9.4.3. In Fig.9.47 K,M,N and P the consistent 
tendency towards this linear relation is emphasised, indicating that 
LPW forces (and paddlewheel forces) are dependent upon the cube of 
wheel revolutions rather than their square, as proposed by the theory. 
At present this difference between theory and practice remains 
unexplained. 
9.9.3 Computer-Aided Development of the Coefficient Equations 
To aid in determining the coefficient equations and the related 
variable functions shown in Table 9.46 and Fig.9.47 a FORTRAN programme 
called'ADDEDMASS' was developed. Its function was to perform the 
calculations involved so that curve fitting could be performed by 
graphical methods. A chart outlining its functions is given in Table 
9.50, but in brief its task was: to read each data record from the 
magnetic tape (described in section 7.5), then take the LPW operating 
conditions and perform theoretical force calculations. These, it 
then adjusted by the chosen coefficient equations and compared the 
results with the experimental values in a ratio. 
The final ratios could be plotted against any one of the LPW 
variables so that the dependence of the coefficient equations on that 
variable could be determined. The coefficient equations in the 
programme could then be adjusted and the programme re-run. By this 
iterative process the coefficient equations and variable functions 
were ultimately determined. 
The coefficient equations therefore represent the variation of 
the experimental results from the theory, put into an analytical form. 
They are the same variations from theory discussed in earlier sections 
of this chapter, that have now been more broadly and soundly based on 
all the available data, rather than just on the selections shown in 
Figs. 9.37 or 9.40. 
The obvious test of such equations is to check whether they 
can be used in conjunction with the impulse theory to reproduce any 
selected measured results. It would require considerable testing 
to cover the field, but as an example Fig.9.51 shows the impulse 
theory-coefficient equation version of the lift and thrust forces 
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for one set of conditions, the standard wheel at 2.36 m/s. Compari-
son may be made with the equivalent experimental results in Fig.9.3. 
As would be expected there are small differences to be found between 
these theoretical and experimental results, though there are none of 
major significance. 
Several points may be added, concerning the programme 
I ADDEDMASS I • 
1) It includes the estimation of cavity intrusion contained 
in Appendix 5 and uses this to determine which coefficient equations 
are used. 
2) It employs the relation (9.12) to limit the blade chord 
for small immersion depths (as shown in Fig.9.49). 
3) It was felt that realistically the force calculations 
should be performed at the blade centre of pressure rather than at 
the blade tip. A position 40% back from the blade tip was chosen 
as an average value and the programme was designed to repeat all the 
coefficient calculations at this point as well as at the blade tip. 
4) The coefficient equations were actually developed for 
this 40% chord position rather than for the blade tip. While this 
means that the coefficient equations do not strictly apply to condi-
tions at the blade tip, little variation was found between the two 
sets of calculations so that the coefficient equations, as they stand, 
are considered to apply to calculations at the blade tips. 
5) This same programme was altered and used to calculate the 
values of "C " the ratio of experimental to calculated power as p 
discussed in section 9.8. 
9.10 CONCLUSIONS 
This chapter has compared the LPW theory and experimental 
results and noted the differences between the two. It has developed 
coefficients which, while they do not explain these differences, 
enable the theoretical model to reproduce the experimental results. 
Strictly speaking these coefficients only apply to the measured data 
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but the whole purpose of developing them was to allow the theoretical 
models to be used to predict full size craft performance. 
As will be seen in section 12.8 these theoretical models were 
tested against the performance of the model LPW craft, before their 
predictions were extrapolated to the design calculations for a full-
sized craft in Chapter 13. 
The most distinct difference between theory and the experimental 
results was in the dependence of the forces on wheel revolutions. The 
fact that the forces appear to depend upon the cube of the wheel 
revolutions rather than the square as proposed by the theory suggests 
that, should any improvement be made to the impulse theory, this 
discrepancy would be the most appropriate starting point. 
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CHAPTER 10 
RESULTS FOR ROTORS WITH CURVED BLADES 
10.1 INTRODUCTION 
The impulse theory as a description of LPW forces, outlined 
in Chapter 4 and compared with experimental results in Chapter 9, 
was concerned only with flat-bladed LPW's. It is apparent that flat 
blades may not give the best performance characteristics for a 
chosen application and that blades, curved in their chordwise direct-
ion, could be devised to better control the entrained flow. This 
chapter then, examines how some of the concepts upon which the 
impulse theory was based may be used to suggest worthwhile variations 
in blade shape. It then examines the tank test results for LPW's 
with curved blades as well as one associated test of the LPW with 
alternating blades of different angles. From the findings a general-
ised set of results is formed. 
This chapter assists in the secondary aims loop parts 2 and 3 
of Fig.3.10 by providing data, and some further information on how 
the LPW works. 
10.2 ANALYTICAL APPROACHES TO FLOW PAST SHAPED BLADES 
Force equations were developed in the impulse theory on the 
basis of a two dimensional vector diagram model of the fluid flow 
encountering the flat blade at its entry (see sections 4.6 and 4.7). 
This flow was assumed to occur in such a way that momentum changes 
took place only normal to the plane of the blade. It involved the 
flow dividing at a stagnation point and leaving the blade in two 
directions, the proportions flowing each way being modelled by the 
vector velocities. 
Curved blades, however, can be arranged to cause the flow to 
move almost completely in one direction across the blade face as 
shown in Fig.lO.l. Here the flow is started by the tip entering 
the water and is then steadily redirected by the remaining portion 
of the blade, which follows. This can be advantageous as all the 
flow can be directed in the required direction to give the momentum 
change necessary for the chosen resultant force. This seems more 
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purposeful and efficient than the flat blade flow which spreads from 
the blade in both directions. From this consideration the analysis 
of curved blade operation would seem to lend itself to the entry and 
exit vector diagram treatment used for centrifugal pump design. 
There are a number of complicating factors, however, to such a 
straightforward approach to curved blade analysis. These are generally 
that, because of changes in immersion depth and velocity ratio the 
wheel does not always operate under the chosen conditions, and when 
this happens, analysis becomes very difficult, no longer giving the 
sort of workable results that the impulse theory can give for flat 
blades over a wide variety of conditions. There are methods available 
for determining the magnitude and direction of the resultant force on 
an arbitrarily shaped plate with an attached cavity, fully immersed in 
a steady flow. (1) Such methods could probably be used to determine 
the forces on curved LPW blades. 
This project, having developed and tested a satisfactory 
theoretical model for flat LPW blades has, therefore, stopped short 
of extending or restructuring the analysis to cover the performance 
of curved blades even though it is probable that shaped blades will 
ultimately provide optimum LPW performance. 
A less rigorous analysis of curved-bladed LPW's not extending 
to mathematical models, may be undertaken by systematically comparing 
the results of tests with those of the better understood flat-bladed 
LPW.' s. In this way some typical characteristics can be identified 
and, therefore, to some extent, understood. 
10.3 SHAPED BLADES ;m . TI!E PADDLEWHEEL LITE.RA'!'URE 
(Curvature in this chapter always refers to curvature in a 
chordwise direction. No spanwise curvature is considered.) 
While radial paddlewheel blades have generally been flat, 
feathering paddlewheel blades have usually been slightly concave on 
the pressure face. Volpich and Bridge's tests with shaped blades 
showed a significant improvement in propulsive efficiency of up to 
12% with curved blades over flat blades. (2) While they do not state 
1. T. Y. Wu p. 38 
2. Volpich and Bridge, Part II, P.486 
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what the curvature was it would appear to have had a radius half 
the wheel radius. (1) They found still greater improvement with 
sharp edged blades, but made no attempt to explain why either of 
these improvements might have occurred. 
Helm's results from his deeply immersed feathering wheels 
showed that none of the shapes he tried showed overall superiority. 
(2) His tests covered a range from flat to a curvature of radius 
a little less than the radius of the wheel. 
Beardsley tested two types of shaped blades as well as flat 
blades. He attempted to design his curved blades to enter and leave 
the water smoothly and his other shaped blades were angular versions 
of these curved ones. (See section 2.2.6, Fig.2.9.) Beardsley con-
cluded that blade shape was of considerable importance in that it 
controlled local flow during the momentum exchange process. (3) 
Perhaps because his smoothly curved blades did not perform as well as 
their angular counterparts, he felt that more information on blade 
flow conditions is needed to provide a basis for blade design. 
The literature, then, does not provide an altogether clear 
picture of what to expect in terms of blade performance with curved 
blades. The LPW results described in this chapter however, begin to 
clarify this area. 
10.4 GENERALISED FINDINGS FOR CURVED BLADED WHEELS 
While the tests of LPW'swith curved blades were not planned 
as a systematic series they may be arranged in order of curvature 
from convex (on the pressure face), through the flat blade to concave, 
and the results examined with respect to this classification. A 
further convention adhered to is that the blade angle, ¢ is taken as 
the angle of the blade tip to the tangent of the wheel. This is the 
same definition of blade angle as was used for flat blades, as shown 
in Fig.l.2. 
The blades examined in this section are shown in Fig.l0.3, 
which also shows the normal method of attachment to the basic LPW 
test wheel. 
l.Volpich and Bridge, Part I. P.340, Fig.4 
2.Beardsley, P.l7. 
3. Beardsley, pp.l9 & 24 
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A wheel 6·75, ¢ =45° B wheel 1·75, cp = 90° 
c wheel 1-25, cp = 105 ° D wheel 7·5 cp = 90~ 
edge to edge angle 8~ 
E wheel 11, rp = 135° F Blades were fixed 
to spokes as were 
flat blades in 
Fig 5·17. 
edge to edge angle 45° Perforated wheel 7 ·75 
...___........ 
rotation 
Dimensions - mm 
Scale 1 = 1 
FIGURE 10·3 CURVED BLADES EXAMINED IN THIS CHAPTER. 
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It is of some help to outline the main findings of this section 
before examining each blade type in turn, so that meaningful threads 
may be followed through the otherwise confusing results. The follow-
ing generalisations, then, help to bring order to the results: 
1) The blade tip seems to have a strong influence upon the 
performance of a curved blade so that comparison of the performance 
of a curved blade with that of a flat blade of the same blade angle 
as its tip will show strong resemblances. 
2) An edge-to-edge blade angle may be generated on a curved blade 
as shown in Fig.l0.2. A refinement of point (1) above is that the 
thrust force of a curved-bladed LPW most closely resembles the thrust 
force of the flat-bladed LPW with the same blade angle as the tip of 
the curved blade; the lift force, by contrast, most closely resembles 
the lift force of the flat-bladed LPW with the same blade angle as 
the edge-to-edge blade angle of the curved blade. 
3) It may be partly deduced from the above two findings that 
slightly concave blades are found to have the advantages of good lift 
and thrust forces inherent in the flat blades from which they derive. 
(See for example wheel 1.75, ~=goo, in Figs.l0.3(B) and 10.7, 8 and 
g which has the lift advantage of the edge-to-edge angle of 67° and 
the thrust advantage of the ~=goo toe.) 
4) As expected, small immersions generally show performance 
characteristics of flat blades that have the same angle as the tips 
of the blades, while deeper immersions show more of the effects of 
the whole blade. 
5) The above four findings apply most consistently to slightly 
concave blades (which are the most useful) and begin to break down 
with other sorts of blades. 
A convention used in this chapter to help identify which 
wheels are being referred to is as follows: For curved bladed 
wheels as shown in Fig.l0.3 above, the wheel code number followed by 
its blade angle (at the tip) is used as the reference. For flat 
bladed wheels the letters FB followed by the blade angle define them. 
For example the standard LPW would be referred to as FB, ~ = 60° 
since it has flat blades and its blade angle is 60°. 
410. 
10.5 
All wheels examined in this chapter have 6 blades. 
CONVEX BLADES: WHEEL 6.75, ¢ = 45° 
(See Appendix 4 and Fig.l0.3(A)) 
10.5 
This wheel had 6 blades of the standard chord of 25 mm (~ ~ 0.1) D . 
which were bent so that the vertex of the bend ran spanwise along 
the centre to make an outer portion, or tip set at ¢ = 45° to the 
wheel tangent, and an inner portion or heel close to an angle of goo 
to the tangent (See Fig.l0.3(A).) The purpose of testing this blade 
configuration was to discover whether it would give the good lift 
performance of a FB, ¢ = 45° wheel and the good thrust performance of 
a FB, ¢ = goo wheel; to see whether the tendency of FB, ¢ = 45° blades 
to produce negative thrust at deep immersions (see Figs. 4.24, g.41, 
Appendix 4 wheel 6, ¢ = 45°) could be offset by providing a heel, or 
inner portion of the blade set at goo, this coming into play to 
generate more thrust at these deep immersions. (This greater thrust 
for FB, ¢=goo is seen in Appendix 4 wheel 6, ¢=goo or in Fig.g.41.) 
The results for this wheel are given in Figs. 10.4, 5 and 6 
where the following may be noted: 
Lift: In the static and displacement modes lift is slightly 
less than for the FB, ¢ = 45° wheel (Appendix 4, wheel 
6, ¢ = 45°) at small immersions. At larger immersions 
lift is significantly lower than for FB, ¢ = 45°. In 
the planing mode lift seems to be no different than for 
the FB, ¢ = 45° wheel. 
Thrust: At all speeds the thrust seems to be no different from 
that of the FB, ¢ = 45° wheel, being low at small immer-
sions and small or negative at larger immersions. 
Efficiency: With the low and negative thrust values, efficienc-
ies are also low, reflecting again the results of the 
FB, ¢ = 45° wheel. 
These results confirmed the finding (Point (1) in the generalised 
findings) that tip conditions most strongly influence the wheel perform-
ance. This convex blade configuration failed to encompass the good 
points of both FB, ¢ = 45° and FB, ¢ = goo blades and directed 
attention away from blades with convex surfaces. The conclusion con-
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WHEEL NO: 6.75 
Shaped Blades 
Diameter, D :::: 242 rom 
Span, s = 76 rom s/D .31 
Chord, c = 25 rom c/D :::: .1 
No. of Blades = 6 
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cerning edge-to-edge blade angle did not apply in this case of 
convex blades. 
10.6 SLIGHTLY CONCAVE WITH SMALL TOES: WHEEL 1.75, ¢ 
(See Appendix 4 and Fig.l0.3(B)) 
The next in the series from convex blades are flat blades which 
were dealt with in Chapter g, The series continues with blades with 
a small amount of concavity only. These were again of the standard 
chord of 25 mm. They were bent so that the vertex of the bend ran 
spanwise at a distance of 6.25 mm, or one quarter of the chord away 
from the blade tip. This gave a blade which had the outer quarter set 
at 150° from the inner heel as shown in Fig.l0.3(B). For this test 
the outer quarter was set at ¢ goo so that the slightly concave blade 
had the inner heel set at 60° to the tangent. The blades thus had an 
edge-to-edge blade angle of 67°, not much larger than the heel angle 
of 60°. The purpose of testing these blades was similar to that of the 
last one, to discover whether it would give the good lift of the FB, 
¢ = 60° wheel (the standard wheel, results shown in Figs. g.l, g,2 
and g,3) with the good thrust performance of the FB, ¢ = goo wheel 
(Appendix 4, wheel 6, ¢ = goo). Since the tip was known to be more 
effective than the rest of the blade, it was reduced to only one third 
of the area of the rest of the blade to discover how well this might 
redress the balance between the effects of the two blade portions. 
The results in Figs.l0.7, 8 and g, although not containing data 
for all immersions show a good performance: 
Lift: For all speeds the lift forces generated are marginally 
lower than for the standard wheel FB, ¢ = 60°, while 
being usefully greater than the low lift generated by 
FB, ¢ = goo r e,specially in the planing mode at low wheel 
revolutions. This is the result that would be expected 
from point (2) above suggesting that lift would be 
related to the flat bladed wheel with the same blade 
angle as the edge-to-edge blade angle here. 
Thrust: Again for all speeds thrust forces are good, being only 
slightly lower than those of the FB, ¢ goo wheels and 
considerably greater than those of the FB. ¢ = 60° wheels, 
especially through the transition zone and in the planing 
mode. This is the result that would be expected from 
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WHEEL NO: 1. 75 
Shaped Blades 
Diameter, D 242 mm 
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418. 10.7 
points (l) and (2) above in the generalised findings 
(section 10.4). 
Efficiency: This is a little lower than for FB, ~=goo, 
especially for deep immersions where the 60° heel would 
have most effect. Efficiency is, however, throughout, 
markedly greater than efficiency for the FB, ~ = 60° 
wheel shown in Fig.g,l, 2 and 3. 
This blade configuration in large part confirmed all the find-
ings outlined in the generalised findings, section 10.4 above, and 
gave the best overall performance of any LPW. It was also tested on 
the model LPW craft which to date has shown it to be the most practical 
blade shape for traction through the displacement and transition zones, 
and for lift and traction at high speeds in the planing mode. (See 
the end of section 12.8.) 
This blade shape was also tested at some immersion depths for 
a blade angle ~ = 105° where it performed well as a propulsor, as would 
be expected .of its tip blade angle, and poorly as a lift device as 
would be expected from its edge-to-edge blade angle. Its results are 
shown in Appendix 4. 
10.7 EQUAL SIZE TOE AND HEEL: WHEEL 1.25, ~ 
(See Appendix 4, and Fig. l0.3(C)) 
This blade type was more concave than the last, having an angle 
of 135° between the toe and heel. It was chronologically the first 
in the series of tests with concave blades and was tested at three tip 
angles, ~ = 75°, ~=goo and~= 105°, as well as in a perforated 
version at~= goo. The blades were again formed from flat blades 
of the standard chord of 25 mm. They were bent so that the vertex 
of the bend ran spanwise along the blades at mid chord. The tip iri 
this case was set at ~ 105° and the heel was than at 60°. These 
blades were shaped the same as the convex blades of wheel 6.75, ~ 45° 
above, but they were turned around the other way. They are shown, in 
Fig.l0.3(C). 
The purposes in examining this series were: 
l) To attempt to get a better combination of lift and thrust than 
given by the constituent flat blades, FB, ~ = 45° and FB, ~=goo. 
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WHEEL NO: l. 25 
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2) To examine the effects of angle changes on concave blades. 
3) To confirm that forces would be reduced with perforated 
blades as would be expected. 
The results are shown in Figs.lO.lO, ll and 12. While not 
all immersions were examined the results are as follows: 
Lift: In the static and displacement modes lift is negative, 
and once planing, lift becomes positive only after cavity intrusion 
(6 rps at 2.36 m/s). With the edge-to-edge blade angle of 83° 
these results would be expected to closely follow those of the 
FB,¢ =goo wheel (point (2) in the findings above,(section 10.4), 
and comparison with FB,¢ = goo results in Appendix 4 shows that re-
sults are in fact very close, lift magnitudes throughout being 
possibly a little less than for FB,¢ =goo. 
Thrust: From point (2) in the generalised findings and 
reference to Fig.4.24 and Fig.g.4l, it would be expected that thrust 
would be a little less than for FB,¢ = goo and greater than for 
FB,¢ = 120°. (Results for FB,¢ = 120° are in Appendix 4.) This is 
not quite the case, however, and thrust is seen to be greater than 
FB,¢ = goo throughout the range. In fact the thrust of this blade 
at this angle was the greatest of any of the bladed LPW's tested. 
Efficiency: Although there was not a broad selection of 
results, especially at high velocity ratios, the results available 
suggest efficiencies at least as good as the FB,¢ = goo results, 
better than for FB,¢ = 120°, and on much the same level as those for 
the last blade shape examined, namely wheel 1.75,¢ = 105°. These 
v 
high efficiencies, especially at high velocity ratios (_Q > 0.6) V:t 
lend support to the idea that for high efficiency blades should be 
designed so that the tips enter at small angles of attack, reducing 
shock entry losses. This idea was noted earlier in section 4.6.6 
and Fig.4.15 and was the idea behind Beardsley's curved blades, 
Fig.2.g. (l) 
This blade at this angle was the best in terms of thrust and 
propulsive efficiency of any bladed LPW. Its efficiency exceeded 
that of Beardsley's "typical" blades which are not dissimilar in 
l. Beardsley, P.ll, Fig.2 
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shape in their outer portion (Fig.2.g). With its poor lift, however, 
this blade shape would not be suitable as a lifting device; good lift 
blades seem to require shock or impulsive blade entry to generate a 
useful lift force, and they consequently have lower propulsive effi-
ciencies. 
10.7.1 Variation in Blade Angle with These Concave Blades 
(See Appendix 4, wheel 1.25) 
This same blade shape was tested at a tip angle of ¢ = goo and 
¢ = 75°. The results were unremarkable in that they, without exception, 
supported the findings outlined in section 10.4 above. It may be said 
therefore that the effects of blade angle upon slightly concave blades 
like this one are little different than the blade angle effects on 
flat blades as shown in Figs. 4.24 and g.41, as long as the edge-to-edge 
blade angle is used for determining lift variation, and tip angle is 
used for determining thrust variation. 
10.8 PERFORATED CONCAVE BLADES: WHEEL 7.75, ¢ 
(See Appendix 4 and Fig.l0.3(F)) 
It is sometimes of value to test well established assumptions 
in new situations, especially if differences of opinion may be settled 
by such action. For this reason wheel 1.25,¢ =goo (section 10.7 and 
Fig.l0.3(C) above) had the blades altered by drilling six 6 mm holes 
along the vertex of the bend as shown in Fig.l0.3(F). The expected 
results were a reduction in both lift and thrust as compared with 
those of the parent wheel, wheel 1.25,¢ =goo. Comparison between the 
results for the two wheels in Appendix 4 (wheel 1.25,¢ =goo, and 
wheel 7.75,¢ =goo) confirms that this is the case, showing that forces 
have been reduced approximately in proportion to the area reduction 
(g%) while efficiency seems to remain unaltered. 
lo.g RIGHT-ANGLED CONCAVE BLADES: WHEEL 7.5, ¢ 
(See Appendix 4 and Fig.l0.3(D)) 
This is the next stage in blade concavity from wheel 1.25, 
and although only results from the planing mode are available they 
provide some valuable insights. Once again the blades were formed 
from flat blades of 25 mm chord, which in this case were bent at 
right angles so that the vertex of the bend ran spanwise along the 
centre of the blade. With the tip set at ¢ = goo the inner portion 
424. 10.9 
or heel was set parallel to the tangent, or at 0° as shown in Fig. 
10.3(D). With this arrangement the edge-to-edge blade angle was 
45°. The results are given in Fig.lO.l3. 
Lift: Lift would be expected to be close to that of FB,¢ = 45° 
(Appendix 4, wheel 6, ¢ = 45°) and this is found to be the case but 
only after cavity intrusion has occurred. Before cavity intrusion 
lift seems to be low, more like the zero lift of the FB,¢ = goo wheel 
before cavity intrusion. (See Appendix 4, wheel 6, ¢ = goo). This 
is not altogether in line with the prediction of point (2) in the 
generalised findings suggesting that lift varies with edge-to-edge 
blade angle. After cavity intrusion, however, the lift forces are 
high, being higher than for any LPW tested; they are closest to those 
of FB,¢ = 45° as expected. 
Thrust: From the generalised findings thrust would be expected 
to be almost as high as for FB,¢ = goo results. This is not the case, 
however, and thrust is lower, being nearest to that of FB,¢ = 75° 
(Appendix 4, wheel 6, ¢ = 75°). This seems too great a reduction to 
be simply a result of the reduced effective blade chord at¢= goo, 
and seems to be affected by the nea:r:by heel of the blade. 
Efficiency: Propulsive efficiency seems poor as this wheel has 
traded its thrust and propulsive efficiency for lift and unknown losses. 
This blade type seems unsuitable for use on the LPW craft 
because of its low lift before cavity intrusion in the planing mode, 
where the LPW would normally operate. It should be kept in mind 
however, because its high lift forces may be of some special use. 
For this wheel the generalised findings of section 10.4 are 
beginning to break down, as noted in section 10.4 point (5). 
Of some special note is the possible effect of the 0° heel 
portion of the blade on the thrust and propulsive efficiency. It 
is probable that if this part of the blade was simply removed thrust 
and efficiency would be higher, like that of FB,¢ =goo wheels while 
lift would be lower, also like that of the FB,¢ =goo wheels. This 
part of the blade, then, seems to generate a large part of the lift 
force at the expense of thrust and efficiency. This sort of action 
is worth investigating further. 
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It would appear that Beardsley's "typical" blades and smoothly 
curved blades (see Fig.2.9) may have demonstrated lower efficiencies 
than flat bladed LPW's because they had similar heels to this blade. (1) 
It is also likely that Beardsley's wheels would have demonstrated 
appreciable lift like this wheel, if it had been measured. (2) (It 
was also suggested earlier that the lower efficiencies recorded by 
Beardsley may have been a result of his blade tip angles of ¢ = 120° 
as noted in section 9.4.8.2.) 
10.10 SEMICIRCULAR CONCAVE BLADES: WHEEL 11, ¢ 
(See Appendix 4 and Fig.l0.3(E)) 
Next in increasing concavity are blades of a semicircular con-
cave form as shown in Fig.l0.3(E), and photographed in static mode 
operation in Fig.l0.14. They were made by cutting 25 mm internal 
diameter copper tube down the centre. The actual surface area of the 
blades was therefore greater than the others tested by a factor of 
7T 2 . These blades were tested at only one blade tip angle of ¢ = 135° 
and this setting gave them an edge-to-edge blade angle of 45°. The 
purposes in testing these blades were to see whether smooth blade entry 
would give high efficiency, to find out if they threw up more water 
because of their cupped shape and to provide a (rough) comparison with 
Beardsley's curved blades (3) (see section 2.26 and Fig.2.9). The 
results are shown in Figs.l0.15, 16 and 17. 
Lift: Static, displacement and transition lift forces are low, 
and at deep immersions they become negative at high wheel revolutions. 
This trend with wheel revolutions appears to indicate the blades are 
picking up spray. The edge-to-edge blade angle of 45° would suggest 
much higher lift forces should be reached than are found, so it seems 
that in this case (as for the last) the edge-to-edge blade angle com-
parison with flat blade results is beginning to break down. In the 
planing mode lift forces are small or negative before cavity intrusion 
(~ 6 rps at 2.36 m/s) as they were for the last wheel, 7.5,¢ = 90°, 
and at small immersions after cavity intrusion they remain small as 
suggested by point (4) regarding small immersions in the generalised 
findings (section 10.4). For larger immersions, however, lift forces 
after cavity intrusion are exceptionally large and would appear to 
exceed those for FB,¢ = 45° which should compare with the edge-to-edge 
blade angle of this wheel. At planing speeds spray thrown up by the 
1. Beardsley, P.l9, Fig.l5. 3. Beardsley, P.lB 
2. Beardsley, P.l5 
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blades is not seen to reduce the lift at all at high wheel revolutions. 
Thus for deeply concave blades the lift force can no long be predicted 
at all speeds from flat blade results based on the edge-to-edge angle. 
This prediction does, however, seem to hold after cavity intrusion in 
the planing mode. 
Thrust: Below planing speeds thrust is greater than for 
FB 1 ¢ =goo and rivals that of the best propulsor to date, wheel 1.25, 
¢ = 105°, Figs.lO.lO, 11 and 12 (see section 10.7 above). It in fact 
exceeds the results of wheel 1.25 through the transition zone where 
its very high blade angle can be imagined as scooping up water from 
the edge of the wave trough. Once in the planing mode, thrust forces 
can be seen to be small before cavity intrusion but then to continue 
to exceed those of FE,¢ = 105° after cavity intrusion. It is clear 
that points (1) and (2) in the generalised findings (section 10.4) 
have also broken down in predicting the expected thrust forces in 
this case - thrust force is much in excess of what would be expected 
of a FE,¢ 135° wheel, as shown by Fig.4.24 or Fig.g.41. 
Efficiency: The fact that thrust in the planing mode does not 
develop fully until after cavity intrusion, prevents the efficiency 
from being high at high velocity ratios (low wheel revolutions) where 
the peaks of efficiency curves normally occur. Efficiency cannot be 
high at low velocity ratios (high wheel revolutions) after cavity 
intrusion because of the theoretical limitation that efficiency must 
be less than velocity ratio. The efficiency results are therefore 
flattish curves which are not as good as those of other reasonable 
propulsors, for example FE,¢= goo, and instead show mediocre values 
like those for FE,¢= 60°. These flattish curves show a general 
similarity to Beardsley's efficiency results. (1) 
Inferences from Fig.4.13 indicate that ideal entry conditions 
with zero angle of attack, y, should occur at velocity ratios of 
Vo 
about-- = 0.75 for this blade angle of¢= 135°. Reference to the 
Vt 
efficiency curves for the planing mode in Fig.l0.17 shows no evidence 
at all of specially high propulsive efficiencies occurring at this 
velocity ratio. The hypothesis proposing high efficiencies for good 
entry conditions is therefore not supported in this case. 
1. Beardsley P.l7, Fig.l2 and 13. 
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This wheel clearly did not fit in with the general trends of 
the findings for curved blades, possibly because of its much greater 
curvature. It is therefore the least well understood, but since it 
demonstrated large forces, both lift and thrust, in the planing mode 
it may be worth investigating further. In the meantime this blade 
shape is best avoided on LPW craft. 
10.11 DIFFERING ANGLES ON ALTERNATE FLAT BLADES: WHEEL l 
(See also results in Appendix 4) 
While this wheel does not have curved blades its intended 
purpose was most closely related to those of curved blades. 
It was relatively easy to test a wheel with three flat blades 
at¢= 45° alternating with three at¢= goo, to again investigate 
the possibility of obtaining the lift advantage of the ¢ = 45° blades 
with the thrust advantage of the¢= goo blades. Wheel l, ¢ = 45°, 
¢ = goo was used to assess the value of this configuration at only 
two immersion depths. The results are shown in Figs.l0.18, lg and 20. 
Lift: In the static and displacement modes lift is a little 
lower than for FB,¢ = 45° blades alone (Appendix 4,, wheel 6, ¢ = 45°) 
and much greater than for FB, ¢ goo (Appendix 4, wheel 6, ¢ goo) .. 
Deeper immersions show a small decline in lift with increased wheel 
revolutions which suggests that the wheel is throwing up spray. (This 
was also evident at displacement speeds for the model craft where this 
wheel type caused it to submerge by throwing up a large amount of 
water.) In the transition zone lift is little different from the 
FB,¢ = 45° wheel. Once planing, lift forces before cavity intrusion 
are low, but after cavity intrusion, they are again similar to those 
of the FB,¢ = 45° wheel. Thus in terms of lift this wheel generates 
forces which model those of one of the most advantageous blade angles 
for lift, that of¢= 45°, except, unfortunately, before cavity 
intrusion, in the planing mode where it would be expected to operate. 
Thrust: Up to the transition speed thrust is a little greater 
than for the FB,¢ = 45° wheel and less than for the FB,¢ = goo 
wheel. Once planing, however, the thrust curves take a peculiar form: 
before cavity intrusion (before 6.1 rps at 2.36 m/s) they begin to 
increase with wheel revolutions as would be expected of a three-
bladed, FB,¢ = goo wheel and then after cavity intrusion they follow 
the FB,¢ = 45° results which have low or negative thrust with an 
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inverse relation between thrust force and immersion depth. 
Efficiency: In the planing mode the efficiency values are 
not high at high velocity ratios, comparing with FB,¢ = 60° or 
FB,¢ = 75° wheels before cavity intrusion has begun. After cavity 
intrusion these efficiencies become low and negative as does the 
thrust force at low velocity ratios, or higher wheel revolutions. 
This blade configuration shows no special advantages for the 
LPW craft. Instead it poses a number of confusing questions concern-
ing the behaviour of the flow through the wheel and the forces gener-
ated. Until the flow is better understood this configuration should 
be avoided on LPW craft. No further tests have been conducted on 
this wheel type as a result of these findings. 
10.12 CONCLUSIONS 
A good working understanding of all curved LPW blades has not 
yet been achieved, but attention has been directed to the most 
promising areas. Convex blades have not been found useful since they 
seem to act little differently than flat blades of the same blade 
angle as their tip angle. Highly concave blades (angle between toe 
and heel being less than 90° 1 as for wheel 11, section 10.10 above) 
may yet prove valuable since large forces can be generated by them, 
but this project has not been able to adequately clarify flow around 
them and has found them to have low efficiencies. Attention has 
again been directed elsewhere. Wheels with alternating blades at 
different angles have produced poor and confusing results. 
Blades of small concavity have been found, however, to be 
able to combine a number of the advantages found in widely different 
flat-bladed wheels. A method of satisfactorily predicting their 
performance by comparison with the performance of flat blades has 
evolved. These generalised results were noted earlier in the chapter 
(section 10.4 above) and while they do not offer the sort of analy-
tical precision of the impulse theory for flat blades, they do at 
least enable usable predictions to be made of the capabilities of 
these, the best LPW's tested to date. 
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CHAPTER ll 
RESULTS FOR CONTINUOUS SURFACE ROTORS USED AS LPW'S 
11.1 INTRODUCTION 
Apart from the"usual LPW configuration of blades mounted on 
a relatively empty space structure there are a number of variants of 
overall wheel form which can be imagined as having some advantage in 
LPW-type applications. One such variant is a wheel type with a con-
tinuous surface beneath the blades such as a cylinde~ with blades 
mounted around it. Rotors of this sort were examined by Kearsey, 
Wray and Starrett, and Beardsley, with Kearsey being the only one to 
examine lift forces. This chapter examines the results of this 
project's tests of wheels of this sort, in the following order:-
l) A smooth cylinder with the same dimensions as the standard LPW. 
2) A model of Kearsey's inflatable, flexible-skinned Rollercraft 
wheel, and a metal wheel with cupped blade forms like those 
of the Rollercraft wheel. 
3) A small ribbed tractor tyre, tested with the tread pointing 
in each of the two possible directions. 
This variety of wheels was tested in order to broaden the base 
of the experimental work and thereby discover any notable qualities 
or disadvantages in such wheels when they are seen as lifting, as well 
as propulsion devices. Like the last chapter, this one was able to 
identify common results, which in this case appear to apply to all 
wheels with continuous surfaces beneath the blades. 
This chapter assists in the secondary aims loop parts 2 and 3 
of Fig.3.10, by providing a data source from which hypotheses may be 
formed and against which new ideas may be compared. 
11.2 GENERALISED FINDINGS FOR CONTINUOUS SURFACE WHEELS 
The following results were found more or less throughout the 
data of the wheels examined in this chapter. Since it is easier to 
make sense of the results of each wheel if the generalised findings 
are known, they are presented first. 
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(1) These wheels create wake patterns like those of the LPW in 
the static, displacement and transition modes. In the planing mode, 
unlike the LPW, they generally exhibit bowsplash for all wheel 
revolutions. (The normal LPW exhibits bowsplash only after a certain 
wheel revolutions is reached in the planing mode; see section 9.4.3.2). 
Lift Force Findings: 
(2) In the static, displacement and transition zones, high speed 
rotation of these wheels causes them to pick up water making a 
fountain of spray. This results in negative lift forces which become 
increasingly negative with increases in immersion depth and wheel 
revolutions. This effect is less noticeable in the planing mode. 
(3) As speed of advance is increased from static, any buoyancy 
forces present decrease because of changes in flow around the wheel 
(at fixed immersion) . 
(4) As speed of advance is increased from static, some dynamic lift 
is generated by the flow meeting the front surfaces of the wheel, and 
this increases with speed, opposing the loss of buoyancy. This effect 
is enhanced by the presence of blades on the wheel surface. 
(5) Rotation of a bladed wheel of this sort, in the planing mode, 
generates impulsive blade entry forces like the LPW forces. This 
seems to enhance both lift and thrust forces. 
Thrust Force Findings 
(6) The wavedrag of these wheels exceeds skin friction and increases 
with speed of advance as would the wavedrag of a boat hull. In the 
planing mode this drag seems to be further increased by the development 
of bowsplash. 
(7) Rotation of these wheels produces positive thrust which in 
some conditions is sufficient to overcome the wavedrag. 
It is worth noting particularly, that the lift forces generated 
by these sorts of wheels are relatively complex, comprising buoyancy, 
planing forces and impulsive blade entry forces, opposed by loss of 
buoyancy and the throwing up of spray. 
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11.3 THE SMOOTH CYLINDER: WHEEL 0 
(Results also in Appendix 4) 
11.3.1 
While it was hardly imagined that a solid smooth cylinder 
would perform in any way as well as the LPW there are a number of 
reasons why running a series of tests on such a wheel of the same 
dimensions as the LPW would be of value: 
1) The wake patterns from a moving cylinder, either rotating or 
stationary would be a useful reference for comparison with LPW wakes. 
2) The cylinder is an extreme form of the LPW or paddlewheel as 
it can be imagined as having an infinite number of blades. It 
therefore serves as a limiting case of the LPW form where, unlike 
operational LPW's water is completely prevented from passing through 
the wheel circumference. 
3) Claims have been made that a smooth cylinder is capable of 
providing dynamic support while rolling over a water surface at 
speed. Since this is essentially the LPW concept it deserves some 
investigation. 
2.4.2, 2.4.3.) 
(Such ideas were noted in sections 2.3.4, 2.4.1, 
For these reasons, then, a solid cylinder was fabricated of 
wood, waterproofed, and tested on the LPW force balance over the 
standard series of immersions and speeds, as well as being examined 
photographically. 
11.3.1 Force Balance Tests 
These tests were generally no different than the force balance 
tests of the LPW's as described in section 6.4.2. They involved 
lift, thrust and torque measurements at a series of wheel revolutions 
(including zero rps) for the five immersion depths and five speeds 
of advance examined for the LPW's. 
The measurement and interpretation of the lift forces in this 
case, however, requires some explanation. It is clear that the 
stationary cylinder, partly immersed will experience a buoyancy force. 
Once moving while held at a constant immersion the flow around the 
cylinder changes the immersed volume, so that the buoyancy force 
alters; dynamic forces also appear, and rotation of the moving cylinder 
changes the flow and the forces further. Since the LPW in its usual 
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FIGURE 11.3: WHEEL 0, IN THE PLANING CONDITION 
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form has negligible buoyancy forces this extra, varying buoyancy 
contribution to the vertical forces experienced by the cylinder, 
confuses direct comparisons between the two. As a way of providing 
a common starting point between LPW lift and the dynamic lift 
generated by the cylinder, the static buoyancy forces of the cylinder 
were zeroed out before the start of the test runs, so that before 
the cylinder was in motion the lift force was seen by the force 
balance to be zero. For their comparison with the dynamic forces, 
the static buoyancy forces have been tabulated with the results in 
Fig .11.1. 
Once in motion, then, the lift forces were generated by these 
mechanisms: 
a) Changes in buoyancy; 
b) Dynamic forces such as the lifting or planing forces 
generated as the flow meets the convex cylinder surface; 
c) Additional effects caused by rotation, such as the 
throwing of spray. 
As can be seen these, only in a small part, relate to the LPW 
forces as described by the impulse theory, the common ground being 
that in both cases they are generated by the wheels in motion. 
The results of the force balance tests are shown in Figs.ll.l, 
11.2 and 11.3 and these are set out in much the same way as the LPW 
test results as shown for example in Figs.9.1, 2 and 3. Two differ-
ences may be noted: first, propulsive efficiency has been replaced by 
wheel torque since negative thrust values produced meaningless 
efficiency results, and second, the lift and thrust force plots have 
zero force occurring half way up the scale to accommodate negative 
force values. Discussion of these results is as follows: 
Lift: (1) At no condition of velocity, immersion or wheel 
revolutions tested do the lift forces of the smooth cylinder become 
positive. This at first seems to be a direct contradiction to the 
claims of the proponents of the Hydroler concept (section 2.4.1) and 
the cylinder vehicle concept (section 2.4.3). Closer scrutiny of 
the results is required. It may be argued that the planing speeds 
at which this smooth cylinder was tested were too low for positive 
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lift forces to become evident. If this was the case, it would be 
expected that the lift results for the two planing speeds, clear 
of confusing displacement and transition wakes, would show evidence 
of increasing lift with speed of advance. This can in fact be found 
in Fig.ll.3 where for virtually all values of immersion and wheel 
revolutions there is a trend towards positive lift with increase in 
speed, which seems too pervasive to be experimental error. This 
positive-going trend is likely to have the following explanation: 
the reduction in lift at zero wheel revolutions with increase in 
speed from V0 0 (static, Fig.ll.l) is caused by a reduction in 
buoyancy forces because of changes in the flow around the cylinder. 
Opposing this reduction in lift force would be the planing forces 
generated by the sloped convex surface meeting the flow. (This is 
more in evidence at low wheel revolutions in wheel 5.5,~ = 105°, 
which has no buoyancy to lose and is discussed later in section 11.5. 
It is also outlined in points (3) and (4) in the generalised findings, 
section 11.2, above). Since the buoyancy forces may only be reduced 
by a fixed amount as tabulated in Fig.ll.l, and dynamic forces in-
crease with the square of the speed of advance, there must be a 
speed where the dynamic lift forces exceed the loss of buoyancy and 
the lift forces would then become positive. Extrapolation from the 
two sets of results in Fig.ll.3 suggests that this would occur between 
V0 = 4 to 8 m/s, a finding which is not inconsistent with the 
Hydroler measurements. (1) These lift results, then, while showing 
no positive lift do not contradict the claims of the proponents of 
cylinder vehicles and in fact show evidence for positive dynamic 
lift at speeds beyond those for which the tests were conducted. 
(2) As required by the above explanation, the magnitude of 
the lift force at zero wheel revolutions can be seen to become 
increasingly negative as speed is increased, until planing speeds 
are reached whereupon this trend is reversed. As noted above this 
is probably a result of flow changes causing alterations in the wheel 
buoyancy forces, and this seems to be supported by the fact that at 
no point (at zero wheel revolutions) do these negative lift force 
magnitudes exceed the buoyancy force magnitudes tabulated in Fig.ll.l. 
(Point (3) in the generalised findings, section 11.2 above.) 
(3) The effect of speed of rotation is, throughout, to decrease 
the lift force. This effect seems to be a result of water sticking to 
1. Lombardini and Fidderman, Fig.ll. 
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the wheel surface and being thrown up (the fountain effect) as 
shown for a range of wheel revolutions in Fig.ll.4 (A-E) for the 
static case. This is also shown at constant, high wheel revolu-
tions through the other stages of advance velocity; displacement, 
transition and planing, in Fig.ll.S (A) ,(B) and (C). It can be 
seen that this effect is less pronounced when the planing mode is 
reached in Fig.ll.S(C). (These figures demonstrate point (2) in 
the generalised findings, section 11.2 above.) 
Thrust: (1) At low or zero wheel revolutions in Figs.ll.l, 
2 and 3,thrust is negative -drag is positive, and this drag becomes 
increasingly large with speed of advance, and increase in immersion 
depth. This is most apparent after planing speeds have been reached 
and seems related, there, to wave formation, especially bowsplash. 
These wave formations are shown for the case of approximately zero 
v 
rim to water speed (~ ~ 1) in Fig.ll.6, (A) to (D). This clearly Vt . 
demonstrates the problem generally overlooked by those proponents 
of cylinder vehicles who hold that since skin friction may be reduced 
Vo 
by rotating the cylinders at -- = 1 drag will not exist. (Point (6) 
Vt 
in generalised findings, section 11.2 above.) 
(2) Throughout the range of test results in Figs.ll.l, 2 and 3, 
thrust forces showed a small but consistent increase with wheel revo-
Vo 
lutions. At low wheel revolutions, around Vt = 1, when there is 
practically no relative velocity between the wheel rim and the water 
this thrust increase was negligible, suggesting that drag forces are 
composed mostly of wave drag, with the skin friction component being 
v 
very small. At high wheel revolutions (~ < 0.12) this skin friction 
Vt 
component increased significantly so that the thrust forces even 
became slightly positive at small immersions, thus overcoming the 
wavedrag. The mechanism for this increase in thrust with wheel revo-
lutions may have two components. First, it seems that the rotation 
of the wheel reduces the height of the bowsplash as can be seen by 
comparing the two cases in Fig.ll.7 (A)-(D). This would appear 
therefore to reduce the amount of water pushed ahead of the wheel 
and thereby reduce the drag. Second, it can be seen from Fig.ll.7(D) 
that the water picked up by the wheel is also thrown rearwards so 
that skin friction of the cylinder in this case is being employed to 
get a grip on the water for propulsion. 
findings, section 11.2 above.) 
(Point (7) in the generalised 
l300E/2A l300E/3A 
(A) l RPS (B) 5 RPS 
l300E/4A l300E/5A 
(C) 7 RPS (D) ll RPS 
-3-
(E) 14 RPS l300E/6A 
FIGURE 11.4: THE CYLINDER IN THE STATIC MODE (Vo = 0 m/s) AS WHEEL 
REVOLUT.IONS INCREASE. NOTE WATER ST.ICKING TO THE 
Wf'IEEL, CREATING THE FOU~lTAIN EFFECT 
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1300E/7A 
(A) DISPLACEMENT 0.4 m/s (B) TRANSITION 
l300E/12A 
0.76 m/s 
--3 
\ 
1300E/17A 
(C) PLANING l. 72 m/s (D) PLANING 2.36 m/s 
FIGURE 11.6: THE CYLINDER OPERATING AT DIFFERENT SPEEDS OF 
ADVANCE AT A VELOCITY RATIO CLOSE TO UNITY IN 
EACH CASE. IMMERSION IS CONSTANT THROUGHOUT 
AT 40 mm. (d/D = 0.17) 
l300E/23A 

{A) 1300E/22A {B) 14 RPS 
1206F/34 
(C) 0 RPS {D) 16 RPS 
WHEEL MOTION WHEEL MOTION 
FIGURE 11 . 7: SHOWING THE DIFFERENCE IN BOWSPLASH FOR THE 
CYLINDER IN THE PLANING CONDITION BETWEEN 
ZERO ROTATION {A) & {C) AND A HIGH ROTATION 
OF 15 RPS (B) & (C) (Vo = 2. 36 m/s) 
1300E/25A 
1206F/ 37 
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(3) These thrust results indicate that, if thrust alone 
was considered, then a light smooth cylinder of LPW dimensions, 
fixed at a constant immersion of~= 0.083 (or 20 mm in this case, 
symbol '+'),would be able to maintain positive thrust at very high 
wheel revolutions right through the transition and planing modes. 
Whether or not this traction could be retained to higher speeds 
than those tested is not clear. 
In contradiction to this final point, if both lift and thrust 
results are considered it appears that a weightless powered smooth 
cylinder of LPW dimensions would, in fact, not be able to reach 
planing speeds unassisted because the negative lift created at the 
high wheel revolutions necessary for positive thrust, would overcome 
the buoyancy forces and cause it to submerge and slow down before 
it could traverse the transition zone, A larger cylinder would be 
expected to have the same relationship between lift and thrust 
while exhibiting a larger buoyancy force compared to lift and thrust 
forces so that it may be possible for such a cylinder to successfully 
traverse the transition zone and reach planing speeds as claimed by 
proponents of cylinder vehicles. Scaling of these results, however, 
requires both Froude and Reynolds Number equivalence so that sound 
predictions become difficult to make. 
It is interesting, therefore, that neither the lift nor thrust 
results can be said to clearly contradict the claims made for the 
Hydroler or the Russian cylinder vehicle. 
11.3.2 Photographic Records 
While some of the photographs of the cylinder in operation 
have already been discussed several comparisons of these results 
with those of the standard wheel in Figs. 9.5 to 9.9 and 9.27 may 
be usefully made. 
1) As with the LPW, bowsplash for the cylinder did not occur 
until the planing mode was reached. This was noted in relation to 
the LPW in section 9.4.3.2 and shown in Fig. 9.27. For the cylinder 
it can be seen in Fig.ll.6 (C) and (D) and 11.7 above. 
and (6) in the generalised findings, section 11.2.) 
(Points (1) 
2) Bowsplash with the LPW in the planing mode, only occurs 
near cavity intrusion and at wheel revolutions over this limit (Figs. 
9.8, 9.9 and 9.27) whereas for the cylinder bowsplash occurs 
456. 
Bladed LPW rotating fast 
WL 
lmagina~y • ) 
pressure surface 
created by 
passing blades 
streuml ines 
FIGURE 11-8: BOWSPLASH LIKENED TO THE SPRAY SHEET 
OF A PLANING SURFACE. (Compare Fig 4·17). 
11.3.2 
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throughout the planing speeds independently of wheel revolutions. 
This is shown by Fig.ll.7. It appears that for the cylinder the 
bowsplash is derived from the "sheet" of spray thrown forward, as 
is the case with a flat planing surface (shown in Fig.4.17) and 
this suggests that the bowsplash of LPW's may be visualised as a 
related phenomenon where an imaginary planing surface or "pressure 
surface" is created by the nearby passage of the LPW blades. 
This is shown in Fig.ll.B. 
in section 4.9.1.) 
(Bowsplash was also discussed earlier 
3) The cylinder wakes may be compared with LPW wakes with 
many features common to both. The range of speeds of advance for 
the cylinder for one rotational speed were shown in Fig.ll.6, (A)-(D) 
and these may be compared with Figs. 9.5 to 9.9 for all the conditions 
of advance of the LPW. The displacement mode wavetrain of short 
wavelength waves is especially clear in the cylinder case of Fig.ll.6 
(A) which shows a wave peak half way along the wheel. This is not 
nearly so clear in the LPW case (Fig.9.6) where the blade impacts 
have set up interference patterns of their own. (Point (1) in the 
generalised findings.) 
4) Unlike most LPW's the cylinder carries water sticking to 
its surface right over the top and back down. This is visible in 
Fig.ll.4 (A) and (B). At higher wheel revolutions this feature 
changes as shown in Figs. 11.4 (C)-(E) and 11.5, where the cylinder 
is rotating at 14 rps and shows graphically how water may be thrown 
up in a large fountain even by a smooth cylinder. As noted above 
this creates the negative lift shown in Figs.ll.l and 11.2 which 
seems to be most pronounced in the transition zone. (Point (2) 
in generalised results section 11.2.) This sort of phenomenon was 
observed on the model LPW craft operating in the displacement and 
transition zones, with any wheel which tended to trap water by 
preventing it from traversing through the rim. Since such a fountain 
usually generated sufficient negative lift to cause the model to 
submerge, wheels that created it were best avoided. This fountain 
effect does not seem nearly so pronounced in the planing mode as 
shown in Figs. 11.4 (E) and 11.7 (B) and (D), probably because the 
water is able to separate from the wheel low down rather than 
be held against it as in trough or displacement conditions. 
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FIGURE 11-10 THE INFLATABLE 12-BLADED ROLLERCRAFT WHEEL 
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11.3.3 Conclusion for Wheel 0 
These cylinder tests have helped to confirm the ideas on 
LPW wake formation, have demonstrated bowsplash and the throwing 
of spray; or fountain effect also found in some LPW's and have put 
the claims of cylinder vehicle proponents in perspective. While 
the tests do not show the cylinder to be a viable competitor with 
the LPW, neither do they fully discount the possibility that cylinder 
vehicles may develop workable lift and thrust forces at high planing 
speeds or with different dimensions. In that they have demonstrated 
many of the characteristics common to these sorts of wheels, these 
results have provided a reference for discussion of the following 
wheel types which have "blades" on a continuous surface. 
11.4 ROLLERCRAFT INFLATABLE WHEEL TESTS: WHEEL 5 
(Results in Appendix 4) 
The buoyant inflated roller of Kearsey's work was described 
in section 2.3.2. If it could live up to the claims made for it, it 
would be a serious competitor for the LPW concept. For this reason, 
and since it was felt that the force measurements performed by Kearsey 
were in some doubt (see section 2.3.2 and 4.16, 4.16.1 and 2) it was 
decided to perform an investigative test series on a model inflatable 
Rollercraft wheel similar to the one tested by Kearsey. 
11.4.1 The Tested Wheel 
The inflatable Rollercraft wheel, being largely fabric is 
difficult todimension in ways sufficiently accurate to be reliably 
compared with dimensions of "hard" wheels, such as the LPW's. The 
inflatable wheel made by the author for these tests was intended to 
be geometrically similar to Kearsey's test wheel but owing to some 
confusion as to dimensions, it. is different in a number of ways. 
This is unlikely to detract from the general trends of the results, 
however. The dimensions are given in Fig.ll.lO. 
The disc size was seen as the dimension equivalent to the LPW 
diameter since this was the dimension to the immersed blade tips in 
both cases. While the inflatable wheel disc size at 215 mm was 
smaller than the usual LPW diameters, the span was larger, so that 
forces calculated on a "K" coefficient basis (see sections 4.2.1, 
9.4.1 on the use of "K" coefficients) should be of the same magnitude 
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TABLE 11.11: COMPARISON BETWEEN THE DIMENSIONS OF KEARSEY'S 
ROLLERCRAFT WHEEL AND THIS PROJECT'S ROLLERCRAFT WHEEL 
KEARSEY'S WHEEL THIS PROJECT'S WHEEL 
DISC DIAMETER 242 mm D 215 mm D 
FABRIC OUTSIDE DIAMETER 304 mm 1.26D 280 mm l. 3D 
WHEEL SPAN 152 mm? 0.63D 108 mm O.SD 
NUMBER OF BLADES 12 12 
BLADE DEPTH 38 mm 0.16D 27 rom 0.13D 
SKIN: WOVEN SEALED NYLON 0.13 mm 0.1 mm 
TABLE 11.12: THE TWO INTERPRETATIONS OF IMMERSION DEPTH 
U} 
-
:>1 H 
fil fil 
U} ~ ~ 
E2 
U} 
-8 
u 
fil 
1-:J H 
@ fil 
~ ~ 
U} 
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II: 
8 
IMMERSION 
ABOVE DISC 
BOTTOM EDGE 
32.3 mm 
64 mm 
96 rom 
* 8.8 
+ 17.9 
;:., 26.7 
X 35.5 
= 53.8 
immersion above 
disc bottom edge 
FRACTION 
OF DISC 
DIAMETER 
0.13 D 
0.26 D 
0.40 D 
0.041 D 
0.083 D 
0.124 D 
0.165 D 
0.25 D 
t 
IMMERSION 
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2~" = 64 rom 
31." = 95 mm 4 
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50.16 
59 
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86.1 
""' ..... 
FRACTION 8 
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DIAMETER EDGE 
0.21 42.9° 
0.31 61.9° 
0.42 78.P 
0.15 23.5° 
0.18 33.4° 
0.21 41.2° 
0.24 48.0° 
0.31 59.7 
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level 
- - - - ------------+-
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bulged under water.) 
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as LPW forces and force results would therefore be comparable. 
Since the wheel diameters differ, wheel revolutions in the resulting 
force plots, however, will not compare directly with those of the 
LPW force results. 
Kearsey's actual test wheel dimensions are compared to the 
dimensions of this test wheel in Table 11.11. (In respect of 
Kearsey's wheel span, there is some confusion. Kearsey's test 
wheel as shown in his published article (1) appeared to have a 
smaller span than stated in his thesis and shown in Table 11.11.) 
Immersion depth figures have two possible interpretations: they may 
be measured from the supposed fabric diameter as done by Kearsey, 
or from the edge of the disc as carried out in these tests. These 
two conventions give the two sets of immersion results shown in 
Table 11.12. As will be seen, Kearsey tested to much greater 
immersions than normally undertaken for LPW tests, and his immersion 
depths and ratios were referred to fabric diameter. The tests by 
this project covered the range of immersion ratios examined in the 
LPW tests, but these ratios were referred instead to the disc 
diameter. 
Once the wheel was made, it required some adaptions to the 
force balance since, unlike the LPW's, it needed a continuous supply 
of low pressure air to keep it inflated. This was accomplished by 
delivering the air through the driveshaft as shown in Fig.ll.l3. 
The air supply itself was arranged as also shown in Fig.ll.l3 and 
was intended to give a steady air pressure of 25 mm water. This 
value was comparable with low pressures used by Kearsey, whose tests 
covered a range of air pressures from atmospheric to 5 inches of 
water (127 mm) . It is likely that in operation the air pressure 
supply fluctuated as much as ±30%, with the simple arrangement shown 
in Fig.ll.l3. 
11.4.2 Test Procedure 
Before each test the immersion depth was set then the air 
turned on. The lift force was set to zero, annulling the buoyancy 
effects just as was done for the solid cylinder described in section 
11.3.1. In this case it involved getting an average zero with the 
wheel turning slowly (about t rps) since buoyancy varied as the 
1. Hovercraft and Hydrofoil, September 1971, p.23, Fig.l7 
462. 
inflated roller-
craft wheel 
j 
wheel 
disc 
LPW force balance 
-.....air bag 
LPW wheel 
mounting 
disc 
copper tube 
screwed in 
torque beam, 
see Fig. 5 ·8 
banjo block 
(stationary) 
0-ring 
seals 
11.4.3 
hose 
water 
force balance 
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see Fig 5 · 9 
FIGURE 11·13 SCHEMATIC OF AIR SUPPLY TO ROLLERCRAFT WHEEL 
(TOP) AND DETAILS OF THE SUPPLY THROUGH THE 
SHAFT(BOTTOM) 
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water deflected the fabric. Static buoyancy was recorded separately 
and is given in Fig.ll.l4. Results of lift force recorded in the 
tests therefore gave only dynamically generated forces as was the 
case for the cylinder. 
Once the lift sensor had been zeroed, torque and thrust 
sensors were zeroed. The Rating Car was then run down the tank at 
the chosen speed and a set of readings taken at different wheel 
revolutions (including zero rps) . At the end of the run the air was 
checked to ensure it was still running. In other respects, the 
tests proceeded as described in section 6.4.2 for the LPW tests, 
the main differences being zeroing and buoyancy forces, and taking 
drag readings with zero wheel revolutions. 
11.4.3 Results For Wheel 5, The Rollercraft Wheel 
The results of the inflated Rollercraft wheel as tested on 
the LPW force balance are shown in Figs.ll.l4, 15 and 16. As was 
done with the cylinder results, the plots are presented with the 
zero force value half way up the axis so that negative values may 
be accommodated. For midrange speeds results for only two immersion 
depths have been recorded. The speeds of advance are the same as 
used for the LPW tests, but in this case they represent different 
Froude Numbers (Fr) because of the different diameter(s) of the 
flexible rotor. The speed of 0.76 m/s which normally represents 
the transition zone for the smallest two immersions of the LPW, 
still represents a transition speed for this Rollercraft wheel 
independent of which diameter (fabric or disc) is taken, and which 
value of the immersion angle 8 is taken (to the disc edge or to the 
fabric edge). (See section 4.15.2 regarding transition conditions.) 
Thus the velocities at which the Rollercraft wheel was tested still 
represented displacement transition and planing velocities though 
strictly the results may not be directly compared with those of the 
LPW's at the same velocities, because Froude Numbers (Fr) are a 
little different. 
The following points may be noted in the force results in 
Figs.ll.l4, 15 and 16: 
Lift: In the static, displacement and transition zones the 
lift force is close to and just less than zero for no wheel revolu-
tions; this is, of course, after buoyancy forces have been removed. 
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(See Test Procedure above.) As wheel revolutions are increased 
lift decreases in each case. A decrease in lift also occurs with 
an increase in immersion depth. These results are the same as 
the cylinder results, where it was suggested that the wheel picking 
up water was the cause of negative lift (point (2) in the general 
findings, section 11.2 and Figs.ll.4 and 11.5 above). Certainly 
this would seem to be supported by Fig.ll.l7 where the wheel is in 
the static mode, and picking up water much as the cylinder did in 
Fig.ll.4(C) at much the same rps. 
Beyond the transition zone with the wheel not rotating lift 
differs from that of the cylinder (see Fig.ll.l6) in that it now 
becomes increasingly positive with increase in speed of advance. 
Apparently, at zero wheel revolutions, the fabric can arrange itself 
between the rods of the Rollercraft wheel in such a way as to 
present a planing surface to the oncoming flow, thereby generating 
considerable lift without any rotation, albeit at the cost of con-
siderable drag. This is different from the cylinder results in 
Fig.ll.3 and it seems that the "blades" of the Rollercraft wheel 
are therefore essential in generating this larger lift force at 
zero wheel revolutions. (Point (4) in the generalised findings, 
section 11.2.) Once the wheel begins to rotate in the planing mode, 
however, this lift force is lost, decreasing with increase in wheel 
revolutions to values near zero lift, before increasing again as 
wheel revolutions are increased beyond the point where the rim 
speed equals the speed of advance (that is Vo 1, once-< or 
Vt 
n > 3.5 rps at Vo = 2.36 m/s). This is also different from the 
results of the cylinder where lift decreases steadily with increase 
in wheel revolutions (Fig.ll.3). 
These lift results suggest that the Rollercraft wheel in the 
planing mode acts, at zero wheel revolutions like a high lift 
planing surface, providing lift which is lost as the wheel begins 
to rotate, only to be replaced at higher wheel revolutions by lift 
forces similar to the LPW impulse forces which are now generated 
at least partly by the "blades". (See point (5) in the generalised 
findings above.) This of course could not occur with the cylinder 
because it has no blades. 
Although the Rollercraft wheel forces should not be directly 
compared with LPW forces in the planing mode because of the small 
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WHEEL NO: 5 Internal Pressure 25 mm water 
Inflatable Rollercraft wheel 
Diameter, D 215 mm (disk) 
Span, s = 108 mm s/D = 0.5 
Chord blade depth = 27 mm 
No. of Blades = 12 
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differences in Froude Numbers of the velocity it is quite clear that 
the lift forces, once the wheel is rotating at speed, are small 
compared with those generated by the six-bladed LPW, such as FB,¢=60° 
in Figs. 9.1, 2 and 3. (It should be remembered that for the 
Rollercraft wheel the actual "lift" forces would include some extra 
buoyancy forces less than or equal to those tabulated in Fig.ll.l4.) 
Thrust: Thrust forces for the Rollercraft wheel contrast 
strongly with those of the cylinder. In the static condition, 
Fig.ll.l4, thrust forces increase with wheel revolutions and immersion 
depth, and apparently do not reach any mass supply limit with revolu-
tions like the limit found in LPW results, (see section 9.2.1.1). 
(Point (7) in section 11.2.) This seems to occur because the immer-
sions of the fabric can be much greater than the disc immersions; 
the fabric can "balloon" to greater depths and grab more water during 
its passage even though it would normally form "blades" between the 
rods (see Fig.2.12). Certainly large oscillations of the force 
balance support this explanation. (See later discussion, section 
11.4. 4.) 
This trend of thrust increasing steadily with wheel revolutions 
is present in the displacement results as well as in the transition 
zone results (Fig.ll.l5). While LPW results except good propulsors 
at large immersions reach limits in the transition zone, and become 
independent of increases in wheel revolutions, the Rollercraft wheel 
forces still seem to increase with revolutions in this zone. This 
is a valuable result and may explain why Kearsey apparently experienced 
no problem in traversing the transition zone in his Rollercraft (see 
section 2.3.2). 
Once planing speeds are reached (Fig.ll.l6) drag forces become 
v 
evident at low wheel revolutions (velocity ratios~> 1 or n < 3.5 
Vt 
rps at V0 = 2.36 m/s). These forces may be large, as in the 2.36 m/s 
results, but would be of little significance unless a Rollercraft was 
under tow with its wheels locked. By comparison LPW's have very small 
drag forces at zero wheel revolutions at planing speeds. Once wheel 
vo 
revolutions increase (Vt < 1 or n > 3.5 rps at V0 = 2.36 m/s) thrust 
forces increase (drag forces decrease) until thrust forces become 
Vo 
positive at velocity ratios of about Vt = 0.6, or n = 6 rps at 
Vo 
V0 2.36 m/s. It is significant that this does not occur at = 1 Vt 
(n 3.5 rps at V0 = 2.36) and this seems to be caused by the presence 
/20 
FIGURE 11.17: THE ROLLERCRAFT WHEEL OF THIS PROJECT AT 6 RPS IN THE 
STATIC MODE 
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of bowsplash which, unlike the LPW case, persists more or less 
throughout the range of wheel revolutions from zero upwards. 
(Points (1), (6) and (7) in the generalised findings.) Because the 
results are somewhat erratic it is not clear whether thrust forces 
are proportional to immersion depth or not. 
The magnitudes of these drag and thrust forces in contrast 
to the lift forces seem to be relatively large, and tentative com-
parisons with LPW forces suggest that planing mode thrust may be 
as good as that of good LPW propulsors such as wheel 1.25, ¢ = 105° 
(section 10.7). 
Efficiency: Ef£iciency results have been plotted against a 
velocity ratio determined from the disc diameter. It is worth 
pointing out that the derivation of propulsive efficiency from 
measurements (see section 7.4.5) contains no diameter or span dimen-
sions so that the efficiency results are not affected by whether 
fabric or disc diameter is to be used. 
Although the results are scattered it is clear that they are 
low compared to LPW efficiencies, peak values generally being around 
n = 20%. There are two possible reasons for this. First, the thrust 
forces do not become positive until velocity ratios are relatively 
(~ ) small < 0.6 as noted above. 
Vt 
Thus the efficiency curves tend 
to be confined to the left of the efficiency plot where even the 
ideal efficiencies are small. Second, the immersions of the tested 
Rollercraft wheel are large if they are measured against fabric 
diameter, and for most paddlewheels and LPW's efficiency decreases 
with immersion depth. Examination of the efficiency curves here 
shows that this trend of decreasing efficiency with immersion depth 
also exists for the Rollercraft wheel. Comparisons between the 
Rollercraft efficiency results and those of the FB,¢ = goo wheel at 
d 
roughly the same immersion ratio (- = 0.17 based on fabric diameter) D 
shows that the FB,¢ = goo wheel, generally a good propulso~ demon-
strates an equally low efficiency at this immersion. This suggests 
that should the Rollercraft wheel be immersed much less its propul-
sive efficiencies might be higher. This speculation tends to be 
supported by the results shown in the next section (section 11.5) 
where the metal model of the Rollercraft wheel demonstrated high 
efficiencies at small immersions. 
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Although Rollercraft wheels were intended to operate at 
large immersions (1) (% ~ 0.25) they generate some lift at speed, 
so that smaller immersions for high speed running might be expected, 
in which case improved operational efficiency might also be 
possible with speed. 
11.4.4 Observations 
In the static and displacement modes a type of cavity pounding 
was observed (see section 9.2.2). In this case it seemed more as 
though, at high wheel revolutions, the wheel "grabbed" at about 3 Hz, 
and it is likely that a cavity pounding type of phenomenon was 
coupled with the fact that once a "blade" caught, it could billow 
and scoop up a relatively large quantity of water. It also seemed 
to entrain quantities of air which may or may not have been related 
to this phenomenon, but was also observed by Kearsey. (2) 
It is felt that the somewhat erratic force results are a 
result of these low frequency oscillations caused by the billowing 
fabric. Since the force balance damping system had a half second 
response time (see section 5.4.6 and 6.3.1) large oscillations of 
about 3 Hz could affect the recorded results. 
With the wheel stationary, checks were made by feeling 
beneath it, that the "blades" did actually form. Under water the 
fabric seemed to bend very easily and while the "blades" did not 
seem to take shape with the wheel stationary, it was not difficult 
to imagine them readily forming as sketched by Kearsey (see Fig.2.12) 
once the wheel was rotating, and it was equally easy to imagine the 
fabric billowing to trap water or air during its passage. It has 
been speculated that at higher wheel revolutions (8 - 10 rps) the 
blades may not have been forming at all, in which case traction was 
achieved by the folds and creases in the fabric rather than the 
forming of "blades" between the rods. Some evidence for this was 
available in, unfortunately, poor quality underwater photographs 
which are not shown here. It is difficult to know what effect this 
might have on ultimate performance. 
Poking at the fabric of the wheel under water showed that 
transmission of pressure along the air line was virtually instantaneous 
1. Kearsey's Thesis, Fig.llO 
2. Kearsey, Fig.31 and Hovercraft & Hydrofoil, Sept. 1971, P.22,Fig.l3 
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at the low flows used. This helped to confirm that air pressure 
was uniform throughout the air supply system. 
11.4.5 Comparison With a Sample of Kearsey's Results 
For the purposes of comparison with the force measurements 
from the Rollercraft wheel tests in this project some of the measure-
ments made by Kearsey are shown in Fig.ll.l8. It must be remembered 
that Kearsey's wheel dimensions were a little different than those 
used in this project, as outlined in Table 11.11, and Kearsey's 
measurements were made in a water channel with a flow velocity of 
1.52 m/s (5 fps). This placed the tests barely beyond the transition 
zone in the early planing mode though it is unlikely that this has 
much relevance in the channel flow situation. The results should 
therefore be comparable with the early planing results in Fig.ll.l6, 
in trends. Magnitudes would be expected to be a little larger than 
those of Fig.ll.l6 since Kearsey's wheel (may have) had a greater 
span. 
Comparison between the two sets of results in Figs.ll.l6 and 
11.18 shows the following: 
1) The trends of both lift and thrust forces differ markedly, 
seeming to have the opposite relationship to wheel revolutions. 
2) While Kearsey's lift force magnitudes are far in excess 
of the measurements taken in this project, the thrust force magnitudes 
are much smaller. 
3) Although Kearsey's results cover a wider range of immersion 
depths, the trend of increasing lift with immersion depth is reflected 
in both sets of results. In this respect alone the results seem to 
agree. 
11.4.6 Conclusions For Wheel 5 
While this project's test res~lts of a Rollercraft wheel 
attempted to reproduce only one set of the many sets of measurements 
made by Kearsey, the large differences between the two tend to support 
the claim made in section 2.3.2 that Kearsey's measurements were not 
a valid indication of Rollercraft wheel forces. Ironically the 
results of the tests in this project seem to suggest that the Roller-
craft wheel forces are in some cases, better than those of the LPW, 
and indicate that the Rollercraft wheel would be able to propel a 
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light craft through the transition zone to planing speeds where 
increasing lift forces and better efficiencies, than at lower 
speeds, may be achieved. The results also suggest, however, that 
in the form it was tested in this project, the Rollercraft wheel 
did not provide sufficient lift or propulsive efficiency to compete 
with the better LPW configurations. 
This comparison, then, while not confirming Kearsey's 
results, nevertheless seems to have shown the Rollercraft concept 
to be a possible competitor for the LPW concept. 
11.5 THE HARD ROLLERCRAFT WHEEL: WHEEL 5.5,¢ 
(Results also in Appendix 4) 
A twelve-bladed metal wheel was designed with the usual LPW 
dimensions, having large cupped blades which were intended to model 
Kearsey's self-forming fabric blades. It is shown in Fig.ll.l9. 
Its purposes were: 
1) To clarify some of the confusing results of the flexible 
Rollercraft wheel. It was felt that such a wheel made hard, instead 
of flexible would help to show what was, and was not caused by floppy 
fabric. 
2) To discover whether some of the advantages of the flexible 
Rollercraft wheel, such as its good traction through the transition 
zone, could be reproduced with a hard wheel. 
3) To examine, in the LPW context, what happens when blades 
are mounted on a solid rim rather than being in the open like other 
LPW blades. 
Unlike the flexible Rollercraft wheel the hard version had 
no form of sideplates, and its span was 0.31 D as for the LPW's 
rather than 0.63 D for Kearsey's wheel (disc diameter) or 0.5 D 
for this project's flexible Rollercraft wheel (disc diameter). 
11.5.1 Results for Wheel 5.5 
The forces the hard wheel generated would be expected to 
compare directly with twelve-bladed LPW forces because of the 
similarity in dimensions, and while force magnitudes would be 
476. 
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comparable with those of the flexible Rollercraft wheel of this 
project the wheel revolutions or velocities would not correlate 
exactly. The results for the hard Rollercraft wheel (wheel 
5.5,¢ = 105°) are shown in Figs.ll.20, 21 and 22 and comparisons 
will be made with those of the flexible Rollercraft wheel, wheel 
5 in Figs.ll.l4, 15 and 16. 
Lift: In the static and displacement modes the hard Roller-
craft wheel demonstrates lift forces which became increasingly 
negative with wheel revolutions. The effect is increased strongly 
with increase in immersion demonstrating lift forces more negative 
than those observed in any other wheel. While this same trend may 
be seen in Figs. 11.14 and 15 for the flexible Rollercraft wheel 
the effect there is not as pronounced. It is felt that at deep 
immersions water is trapped in the cups of the hard wheel, and not 
being able to escape towards the wheel axis as it can with other 
LPW's it is thrown upwards creating the fountain effect and causing 
this large negative lift. This is believed to be the reason why 
LPW's, with blades mounted on a cylindrical surface, tended to 
immerse the model LPW craft at low speeds as will be described in 
section 12.6.3. The fact that this negative lift was not nearly 
as pronounced with the flexible Rollercraft wheel in Figs.ll.l4 and 
15 seems to be because the fabric reforms into a cylinder on exit 
from the water, ejecting trapped flow before it can be lifted far. 
This is shown occurring in Fig.ll.l7 and is the process described 
by Kearsey for the suppression of spray with flexible Rollercraft 
wheels. (1) For this reason the flexible Rollercraft wheel does 
not display negative lift forces any greater than those of the 
smooth cylinder, while the metal imitation does. 
In the transition zone, lift for the hard Rollercraft wheel 
is very small for all immersions. It is not altogether clear why 
this should be. This result is in contrast to that of the flexible 
Rollercraft wheel which has a surface to which the water sticks so 
that it shows negative lift in this zone, like the smooth cylinder, 
Figs.ll.2 and 11.15. 
In the planing mode (Fig.ll.22) the lift forces for both the 
hard and the flexible Rollercraft wheels have similar trends. Two 
1. Hovercraft and Hydrofoil, September 1971, P.22 
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aspects of these trends are of note: 
1) At low wheel revolutions before the wheel rotation 
(Vo reaches water speed Vt > 1, n < 3.1 rps at V0 = 2.36 m/s) higher 
lift is exhibited. Such results compare well with those of the 
flexible Rollercraft wheel (Fig.ll.l6) where it was surmised that 
lift at zero or low wheel revolutions was a result of the wheel 
presenting concave planing faces to the incoming flow. 
in the generalised results, section 11.2.) 
(Point (4) 
Once wheel revolutions are increased lift at first falls, 
as with the flexible Rollercraft wheel then increases again. As 
wheel revolutions are further increased the effects of cavity in-
trusion can be observed indicating that the blades are acting like 
LPW bladesi see Fig.ll.22 (Point (5) in the generalised findings). 
These effects could not be discerned in the flexible Rollercraft 
wheel results though the related bowsplash was noted as present. 
Lift magnitudes for the hard Rollercraft wheel, while generally 
a little better than those of the flexible Rollercraft wheel are 
very modest by LPW standards. 
six-bladed LPW in Fig.9.3.) 
(Compare, for .example, with the 
As noted for the flexible Rollercraft wheel, lift in the 
planing mode at low wheel revolutions (Fig.ll.22) appears to be 
generated by planing forces at first, and at higher wheel revolu-
tions this is replaced by the impulsive forces of the entering 
blades. The hard Rollercraft wheel results, being much less 
scattered than those of the flexible wheel show this trend more 
clearly and reinforce the result that for deep immersions this 
change of mechanism involves positive lift for all values of wheel 
revolutions, while for small immersions the lift force falls below 
zero during this change. See especially Fig.ll.22 compared to 
Fig.ll.l6. 
Thrust: For static, displacement and transition regions the 
hard Rollercraft wheel thrust forces are as high as those of the 
good LPW propulsors such as FB,¢ = 90°, and even exceed that of 
wheel 1.25,¢ = 105° (section 10.7) through the transition zone. 
While this is an exceptionally good propulsive performance by LPW 
standards, the mass limit reached with increase in wheel revolutions 
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is still evident throughout static, displacement and transition 
zones. (This was discussed in section g,2.1.1.) These transi-
tion zone thrust force values are still exceeded by those of the 
flexible Rollercraft wheel, which shows only a hint of the mass 
supply limit. This seems to confirm.the idea that the billowing 
fabric is responsible for its special transition zone performance. 
Once planing, the thrust results show a good propulsion 
performance though in this case not quite as good as the best LPW 
propulsors. These thrust results are in excess of those produced 
by the flexible Rollercraft wheel and, more important, increase 
Vo 
from drag to positive thrust at a velocity ratio of -- . 0.8 
V Vt 
(n ~ 4 rps for V0 = 2.36 m/s) rather than at~= 0.6 as in the Vt 
case of the flexible Rollercraft wheel. At low revolutions the 
hard wheel demonstrates large drag forces similar in magnitude to 
those given by the flexible Rollercraft wheel. 
Efficiency: As for most LPW results, efficiency is close 
to the optimum for displacement and transition modes, after which 
it tends to fall away from the optimum values. Efficiency is 
inversely proportional to immersion depth and peaks rising to 
n = 0.4 to n = 0.5 for small immersions compare rather poorly with 
those of good LPW propulsors such as FB,¢ =goo. 
In general, while not a useful wheel in itself in LPW terms, 
the hard Rollercraft wheel has helped clarify some of the functions 
of the flexible fabric of the flexible Rollercraft wheel, and has 
also helped confirm the somewhat erratic measurements of the 
flexible wheel. It has also begun to clarify the fountain type 
effect shown in Figs.ll.4 and 11.5 of the cylinder, this being a 
disadvantage of LPW's with blades mounted on a cylinder, and has 
again demonstrated the contribution to lift at low revolutions in 
the planing mode afforded by the surface beneath the blades. 
11.6 TRACTOR TYRE TESTS: WHEEL 7,¢ goo AND WHEEL 4.75,¢ 
(Results also in Appendix 4) 
Tests on a miniature ribbed tyre resembling the rear tyre 
of a farm tractor were conducted for three reasons: 
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1) It is conceivable that once the LPW project was complete 
and became publicised a New Zealand farmer would report that this 
had been done before, and describe how in his tractor at speed and 
out of control he had approached the farm pond and skittered 
crazily across its surface to arrive safely and astonished at the 
other side. Apart from such a report being an affront to academic 
pride, it was felt that the performance of the most LPW-like road 
wheels under LPW operating conditions was of some value to assess 
the possibility of their adaption to the LPW form. 
2) Many small amphibious vehicles use their wheels as 
propulsors in the displacement mode as noted in section 2.3.3. It 
seemed of some value, therefore, to examine and quantify the per-
formance of a sample tyre. 
3) This wheel had thick "blades" or tines, and these were 
not parallel to the wheel axis. These two variables were not 
examined as part of the LPW tests, so it was hoped that the results 
might give some indication of the effects of these variables. 
The relevant dimensions of the tested tyre are given in 
Fig.ll.23. As can be seen its outside diameter was 2g8 mm (one 
foot, slightly worn) and while it had 30 tines, these only reached 
half way across the wheel and were staggered so that it was effectively 
a fifteen-bladed wheel. To examine the effect of the tines not being 
parallel with the wheel axis, the tyre was tested twice, once for 
each direction of the tread. The normal direction for the tread of 
a driving wheel is one where the marks left on the ground point to-
wards the rear of the vehicle. This was denoted the normal direction; 
the tyre the other way round was called the retrograde direction. 
Results with the wheel in the normal direction were denoted: wheel 
7,~ =goo and the retrograde wheel tests were classified: wheel 
4.75,~ = goo. Thus the tyre in the normal direction would be expected 
to throw water out sideways from the wheel, while in the retrograde 
direction it would pull water in towards it centreline. 
Several points should be noted with respect to the plotted 
results in Figs.ll.24, 25 and 26 for the normal direction and Figs. 
11.27, 28 and 2g for the retrograde direction: 
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1) As for previous wheels buoyancy forces have been zeroed 
out, and in this case have not been recorded separately. 
2) The lift and thrust scales on the plots are different 
from each other, and different from the scales for LPW plots. As 
for the cylinder and Rollercraft wheels, the scale zero values do 
not occur at the bottom of the plots but in the centre to accommodate 
negative forces. 
3) Immersions are in the standard ratios used on the LPW's, 
and in this case are referred to the outside diameter at the centre 
of the wheel. They are tabulated in Fig.ll.23. 
4) Speeds of advance have been scaled to give Froude Numbers 
corresponding to those of the LPW tests. 
The results in Figs.ll.24, 25 and 26 and 11.27, 28 and 29 may 
now be discussed in terms of the findings from the cylinder (section 
11.3) and the Rollercraft wheels (sections 11.4 and 11.5). 
Lift: The following results can be compared with the cylinder 
(Figs.ll.l, 2 and 3) and Rollercraft results (Figs.ll.l4, 15 and 16): 
l) Through displacement and transition zones lift would be 
expected to be negative, this effect increasing with immersion and 
wheel revolutions as the wheel throws up spray sticking to its 
surface. This was observed in the flexible Rollercraft wheel, the 
hard Rollercraft wheel and the cylinder. 
Reference to the relevant sections of the force results for 
the tyre in both directions (Figs.ll.24 and 25 and Figs.ll.27 and 28) 
shows these to be the trends in both cases. With the wheel in the 
retrograde direction (Figs.ll.27 and 28) the effect is not so 
pronounced. The suggestion that these negative forces arise because 
the wheel is lifting water into the air is confirmed by Fig.ll.30 
(A-E) for the wheel in the transition zone with the tyre in the 
normal direction. The wheel in the retrograde direction can be seen 
to throw up less spray than this in Fig.ll.31 and while this explains 
the smaller lift loss for this wheel it is not clear why the blades 
in the retrograde direction cause this to occur, since the opposite 
effect might be expected. 
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2) In the planing mode lift results would be expected to be 
not unlike those of the Rollercraft wheel, while differing from 
those of the cylinder. In this case the lift force would be expected 
to be positive at zero wheel revolutions, caused by convex planing 
faces meeting the flow, then fall as wheel revolutions increased, 
to rise again as the blades began to act like LPW blades. 
Reference to Figs.ll.26 and 11.29 for the tyre in the planing 
mode shows that these effects are present in the results for both 
tyre directions though they are not as pronounced as for the Roller-
craft wheel, being perhaps half way between those of the Rollercraft 
wheel and the cylinder. The initial lift at zero wheel revolutions 
still seems present, though small. Results at zero revolutions look 
more like those of the smooth cylinder. This is not unexpected as 
the tyre tines are small compared with the Rollercraft wheel blades. 
Increase in lift at higher revolutions is evident for both tyre 
directions, but is more pronounced for the tyre in the retrograde 
direction, probably because it does not throw up as much water as 
in the other direction as was noted to be the case in the displacement 
and transition zones discussed in (1) above. 
3) Lift forces would be expected to show an increase with 
increase in velocity over the two planing speeds. This was observed 
in the cylinder results but not evident in either Rollercraft wheel 
results. It was explained as being caused by the increase in planing 
forces generated by the flow meeting the convex cylinder surface. 
Reference to Figs.ll.26 and 11.29 shows that in both cases 
this increase in lift force with velocity is evident. It would 
seem therefore that at higher planing speeds lift forces might 
become positive for all immersions and speeds of rotation, as was 
thought to be the case for the cylinder in section 11.3.1. 
4) In the planing mode lift forces, either positive or negative 
would be expected to have magnitudes proportional to their immersion 
depths. This is found to be the case in Figs.ll.26 and 11.29 and 
this is consistent with the cylinder and Rollercraft wheel results, 
and those of point (2) in the general findings. 
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WHEEL NO: 4.75 
Tyre, retrograde direction 
Diameter, D = 298 rnrn 
Span, s 75 rnrn s/D .25 
Chord, c = 10 rnrn c/D .03 
No. of Blades 15 each side. 
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WHEEL 4.75, ¢ = 90° 
TYRE RETROGRADE DIRECTION 
Displacement, V0 = 0·4 4m/s, fr=0·26 Transition, V0 =0· 85 m/s, Fr=0·49 
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WHEEL 4.75,¢ = 90° 
TYRE RETROGRADE DIRECTION 
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l300D/35A l300D/36A 
(A) 0 RPS (B) 2 RPS 
1300D/37A 
(C) 4 RPS (D) 6 RPS 
(E) 10 RPS l300D/39A 
FIGURE 11.30: WHEEL 7,¢ ~ 90°: THE TYRE IN THE NORMAL DIRECTION 
IN THE TRANSITION MODE SHOWING THE PICK UP OF WATER 
(O . 85 m/s) 

(A) 1 RPS 
(C) 4 RPS 
FIGURE 11 . 31 : 
1205C/31 (B) 2 RPS 1205C/32 
1 205C/33 (D) 6 RPS 1205C/34 
-~-
\ 
(E) 8 RPS 1205C/35 
THE TYRE IN THE RETROGRADE DIRECTION OF ROTATION 
n'IHEEL 4. 75) IN ITS TRANSITION CONDITION SEEMS TO 
THROW UP LESS SPRAY THAN IN THE FORWARD DIRECTION 
(IN FIG.ll. 30) 

1300E/1A 1300E/41A 
(A) 1 RPS (B) 5 RPS 
l300E/42A l300E/0 
(C) 9 RPS (D) 1 2 RPS 
\WHEEL MOTION 
FIGURE 11.32: WHEEL 7 , ¢ = 90°: THE TYRE IN THE NORMAL DIRECTION 
IN THE PLANING MODE AS REVOLUTIONS INCREASE (l. 89 m/s) 
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Thrust: Again results are compared with expected trends 
from Rollercraft wheels (Figs.ll.l4, 15 and 16) and cylinder 
results (Figs.ll.l, 2 and 3): 
1) In the static displacement and transition zones drag at 
zero wheel revolutions would be expected to increase with speed of 
advance, and immersion depth. Rotation of the wheel would be 
expected to overcome this drag giving positive thrust, as was shown 
by the Rollercraft wheels, and to a much smaller extent by the 
smooth cylinder. 
Reference to these thrust results in Figs.ll.25 and 11.28 
shows this to be the case for the tyre in both directions. The 
tyre in the retrograde direction demonstra4es more grip on the water, 
giving more thrust over these speeds. While the mass limit, as 
found by the LPW results (section 9.2.1.1) is apparent at small 
immersion depths, results at larger immersions show remarkable 
traction in the transition zone when compared to LPW trends. 
2) In the planing mode at zero revolutions drag would be 
expected to be large, as for the Rollercraft wheels and the cylinder, 
this turning into positive thrust at high wheel revolutions as the 
impulsive forces generated by the blades overcome the wavedrag of 
the planing wheel. 
Reference to the tyre results in Figs.ll.26 and 11.29 shows 
just such trends - these conforming well to results half way between 
those of the cylinder with no blades where thrust is regained only 
at excessive wheel revolutions, and the hard Rollercraft wheel with 
pronounced blades where thrust ~s regained at much lower wheel 
revolutions with velocity ratios near 0.6. The tyre with small 
blades, shows thrust overcoming wavedrag at velocity ratios around 
0.5 (n = 6 rps at V0 = 2.6 m/s). These thrust values do not become 
particularly large, and it is clear from Fig.ll.32 (A) - (D) that 
the large bowsplash present in the planing mode at all wheel 
revolutions prevents this. 
Efficiency: Efficiency results for the tyres are low, 
generally not rising above n = 0.2. This is largely because the 
wavedrag needs to be overcome by the wheel, and this is not achieved 
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small). As was the case for the 
restricts efficiency results to 
the left of the efficiency plots where ideal values themselves are 
low. As might be expected paddlewheel, and LPW efficiencies all 
exceed values achieved by these tyres. 
11.6.1 Conclusions for Tyre Tests 
These tyre test results have essentially consolidated the 
general findings from other wheels having surfaces beneath their 
blades. Rather remarkably the lift force trends indicate that a 
high speed tractor may just be able to skitter across a farm pond, 
though the speed would have to be unusually high and other condi-
tions would need to be carefully chosen. Thrust results in the 
displacement and transition zones are exceptional and while propul-
sive efficiency is poor the traction afforded by these tyres, 
especially at deep immersions, rather justifies their use for the 
propulsion of small amphibious vehicles, if only low speeds are 
expected. 
Several questions remain unanswered by these tests. While 
blades not parallel to the wheel axle have been shown to produce 
differing results in the two sets of tyre results, it is not clear 
why this should be the case. It is also unclear why the tyres do 
not rapidly reach the mass supply limit to their forces, especially 
in the transition zone where LPW forces were generally low because 
of this limit. And finally, while it is clear that tyres, as they 
stand, can provide lift and propulsion like the LPW it is not clear 
what effect the thick tines have or whether they could be readily 
adapted to become LPW type blades. 
11.7 CONCLUSIONS 
The wheel studies in this chapter have broadened the base of 
the LPW work by discussing the effects of different wheel configura-
tions and organising the results into generalised findings which 
make workable predictions possible. While this has not added signi-
ficantly to the theoretical understanding of the LPW it has, in a 
practical sense, shown the areas where problems may be found with 
this type of wheel; these problems are likely to be encountered if 
the LPW configuration is altered in the direction of a combination 
road and water wheel. 
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Unlike the results of Chapter 9, from which the impulse theory 
was developed, this chapter's contribution to the project remains as 
a resource of data against which ideas and future theoretical develop-
ments.may be measured. 
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CHAPTER 12 
THE MODEL PROTOTYPE LPW CRAFT 
12.1 INTRODUCTION 
This chapter examines the results of a long series of tests 
on the small, 4 kg, four-wheel-drive, radio controlled, model LPW 
craft, powered by a model aeroplane engine. While these tests were 
the most frustrating and rewarding part of the project they are only 
given a relatively minor emphasis here, since the more controlled, 
experimental work at the testing tank, and the development of a 
workable theory offered more of fundamental value in determining the 
capabilities and limits of the LPW concept. Nevertheless the model 
tests provided much that was essential, in practical terms, to 
demonstrate the viability of the concept. This chapter describes 
these practical findings. 
The purposes of building and testing a working model LPW craft 
may be divided into four areas: 
1) To establish more firmly the validity of the results of the 
earlier, marginally successful model LPW craft tests, which set out 
to show that such a craft could be built and operated. 
tests were described in section 3.5.) 
(These earlier 
2) To further demonstrate and discover the unique problems 
associated with the LPW craft-problems that could not show up in tank 
tests of an isolated wheel. 
3) To provide a realistic testbed for the LPW's themselves and 
thereby help to verify promising experimental and theoretical results. 
4) To attempt an answer to the fundamental question posed by 
this project: "How well can the LPW craft be made to work", by a 
direct demonstration of model prototype performance. 
It will be seen from Fig.3.10 that the implementation of these 
purposes fits in the context of the tertiary aims of the project, while 
point (4) above returns the focus to the question that the project 
attempts to answer - the primary aim. Points (2), (3) and (4) above 
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will be examined in turn in the following sections. 
12.2 BACKGROUND 
To date two model LPW craft have been built, both undergoing 
a series of alterations and revisions. The first never ran more than 
15 to 20 meters before stopping for one of a variety of reasons. It 
was built using materials and a model motor to hand in early 1977, 
before data was available from the first force balance tests. It was 
originally designed for tethered running round a pole but later, 
during 1978 simply launched in a straight line - its short runs never 
requiring it to be tethered. Its final specifications are given in 
Table 12.1 and it was shown in an early form in Fig.3.8 and final 
form in Fig.3.9. After many alterations it was retired having barely 
demonstrated its feasibility but having added significantly to the 
understanding of such a craft. The main lessons learnt from this 
craft were:-
1) The idea of a craft running on the water supported by 
dynamic forces produced by the wheels was shown to be possible: the 
craft ran without any flotation on two runs, indicating it was totally 
supported on its wheels. 
2) More power than was originally installed was found to be 
necessary for this size of craft. This was later confirmed by the 
results of the 1979 tank tests. 
3) Longitudinal instability was shown to be a significant 
problem and the torque reaction from the wheels tended to aggravate 
this. The craft often reared and dived especially in tests before the 
centre of gravity was placed well forward. 
4) Appropriate torque matching between the motor and the wheels 
was necessary; at this early stage this was a trial and error process. 
12.3 THE RADIO CONTROLLED MODEL 
During 1979 a more powerful, radio controlled model was designed, 
based on the experience gained from the earlier craft. Its original 
specifications are given in Table 12.2, the assembly drawing of the 
chassis and transmission is shown in Fig.l2.3 and the assembled craft 
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TABLE 12.1: FINAL SPECIFICATIONS FOR THE ORIGINAL 
MODEL LPW CRAFT 
Four-wheel drive, non-steerable model intended for free running. 
Track: 
Wheelbase: 
Float: Length: 
350 rom 
311 rom 
653 rom 
Width: 216 rom 
Draught: 20 rom 
Construction: Polystyrene foam and wood 
Craft weight: 2.14 kg 
Motive power: 2.5cc model aircraft engine rated at 207 l'l 
at 260 rps (0.27 hp at 1S,700 rpm) 
Transmission: Toothed belt drive to ! inch shafting and 
bevel gears 
Reduction Ratio:8.67:1 overall 
Bearings: Fibre 
L.P.w. 's: FB,~ 60°; D = 153 rom,s 
(No.2 in Table 12.22) 
48 rom, c 16 rom, 6 blades. 
TABLE 12.2: ORIGINAL SPECIFICATIONS FOR THE SECOND 
MODEL LPW CRAFT 
Four-wheel drive radio controlled model. 
Track: 324 rom, front and rear 
Wheelbase: 418 rom 
All up weight: 3. 5 kg 
Float: Length: 820 rom 
(See Fig.l3.2)Width: 220 rom max 
Draught below axles: 32 rom min (variable) 
Construction: Polystyrene foam and wooden stringers 
steering: Ackermann on front wheels 
Chassis: Aluminium tube, and 7 rom ply. 
No suspension or brakes 
Motive Power: o.s. 40 FSR radio control type 6.5cc motor 
Rating: 821 W at 267 rps (1.1 hp at 16 1000 rpm) 
Toothed belt drive from motor to driveshaft Transmission: 
Reduction: 3.8:1 
Bevel Gear reduction drive to front and rear axles, 2:1 
Overall reduction: 7.6:1 
Shafting: ! inch throughout 
Bearings: Stainless steel shielded, type SKF WY ! inch 
No clutch or differentials 
Radio Control: Futaba 2 channel type FP-2G with combined 
receiver and servos 
Control functions: steering and throttle. 
Centre of Gravity: 141 rom behind and 12 rom above front axle 
Movement of Inertia: 0.139 kgm28 CG, about axis parallel to axles 
LPW's: Diameter: 153 rom 
Types: See Table 12.22 
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ready for its first runs shown in Fig.l2.4. Some of the design 
features were as follows: 
1) Since it was meant to demonstrate the principle of a fast 
amphibious craft its general arrangement was that of a four-wheel-
drive road vehicle with Ackermann steering in the front wheels and 
rear wheels in line behind the front wheels. Although it was possible 
that such steering and general arrangement might not be the ideal for 
a water craft of this sort, this arrangement is known to perform well 
on land, so that to demonstrate it on water would immediately confirm 
it as a successful amphibian. Other arrangements may have been used 
such as skis in place of the front wheels, or differential type 
steering, but these would not have been suitable for a road vehicle. 
2) The wheelbase was chosen so that at the transition zone 
trough speed, the wave train from the front wheels would tend to 
cancel the wave train of the rear wheels, enabling the rear wheels 
to negotiate what was believed to be the most difficult stage before 
lift-off. The wheelbase could be altered by simply using longer 
chassis members, and providing a driveshaft extension (see Figs.4.19(E), 
and 12.10 showing the long wheelbase version). 
3) The float was of polystyrene foam, sealed, and could be 
easily cut, changed or added to, until a workable configuration was 
found. 
4) The centre of gravity was well forward to balance the torque 
reaction of the wheels, and provide good longitudinal trim under power, 
after lift-off. 
5) Spray guards over the wheels were deliberately left off 
so that spray formation could be observed. Such guards could easily 
be added if required. 
6) The craft was designed to come apart easily under heavy 
loadings or for regular alterations, repairs and maintenance (Fig.l2.5). 
The main chassis components and transmission were made by the 
Departmental Workshop while the hull, radio control installation and 
linkages, wheels, motor, tank, air cleaner and other additions were 
.., 
Gi 
c 
:::0 
rn 
_. 
N 
w 
.. 
n 
:c )> --~ - ·r·=--
Vl 
Vl I . 
Vi J 
I 
)> n 
Vl 
.,, 
Vl " 
.. 
" y 
rn 
!:!_ 
:3: ' OJ " 
I 
!::( ~ _; 
0 
:::0 
~ 
z 
C1 
-n 
0 
:::0 
-i 
:r: 
rn 
:3: 
0 
0 
rn 
r 
r 
-u 
~ 
n 
:::0 
)> 
-n 
:-1 
II 
K 
1 
I 
/ 
// 
/ WHE.CL /U)TATIOIV 
--------/,-:------..., 
I =r:r=· \ 
' It J 1 \ 
I 
I 
\ I I I:; J 
'- I 
........_ __ // 
8AOII:J CDI\ITR.OJ. ~LA!Y ,q..c/11:! 
R.et:.QV~R: 
(NTA-SA ~~~ ·,, 
17 
\ 
18 
MOTOR.: G·~cc. as . .....,oi\X-40'S>e 
71•/liP"'r- /GQUoR.A-1) 
;:1 
~ 
1-r1 
i i I i 
I I r or 
-1 -, 
. I, , 
I 1 • I 
. I , 
L~_j 
~OTE5 _ ~ _ 
I• .SCA.I:MS .THIO!OUCI{ TH£ W'o01J6\1 
.6A,S.CPt.AT.CS ..:f,#OIJLD HAII'G 
_. JVA.sH£R.S a~ j:tS/IPLArLS GIN~ 
77{£ .H.,C..,D.S 70 PR.ev'UVr TNE.M 
~ ,-~ t='VLL/.-•./0 /1'1/n::J TN..!; 
__ WOOO. 7}/£Y SHOV~ ALSo 
ec rn~eD WIT# .C.OCKT/TE· 
1!- 711£ R.CA.R .A)(~ &-A.R/NC.S 
#V.Sr e£ PI/ ~.1.1'\/'£, 
-3. RACuo t:ON'NCCT•OI'VJ AN".O 
A 7rACif,.,.£r./TJ J-.1/LL. 6£ 
PAOL: ;,/)1£-,./C(;, Po~tnCYV __ _ 
AS FIN~IS£C, 
4.FI..C.Ar J-/IU.. ~ .sc-~­
DI,s.Pr;I.S..o1&.C ( PoLv"V..tU;P~.ti(" __ 
lt:'A.M) t.IIVTtL 7PE ec;-.s,r 
CC'NVTICUR.-!T/0'\1 .<:5 I"Dt./.t'\/.0, 
t$. A V,o<JRt,C7Y ~ LPW'J w'JJ .. L 
e.c: r,;;:..-.e~ AS .t:~MQI./,VIL 
.!WTA ~aOM.C..S AV...11Ufet.E, 
~lAST A.NC.L~ ,.~OJECT/l'JI\l, .t:J/Il,f NV'"'"· 
Jv10DEL 
LIFTING PADOLEMIEEL 
CRAFT 
~CAL~ /1 
'Nor..s#O.JN-""'/ 
OTH£o'(. VI£1-1/.S.) 
'! 
I lJ I 
'- __, 
4 
2 
I COIR.eOx oSI-fAFT (.l..H&R.# ~) J.i·~......,G 
7 I Fl.S#PLATE" .SS 
36 ICCAR PROP£L.LOf! ...:;,.<:A.rT :1...' .,s...vr~,!G 
FRONT PR.OPE:..u:>~ S#APT Y..-"~17"'"" 
LARC.t! PU1..L£Y 
TIMING EJ.!r.l..T XL9Q-)(L'C)Q,...XLII0 -SUI"'"L'£.0) 
SMALL PUt...L£Y .SS 
FR.OI\IT HOUSNVC 
MOTOR /-tOUNT A.S.SY. 
/!£NT ...:) W.AVIE~ 
m 2 2 .s.t::AfiCh•;...cv~ -v./r te.~..;>.c) CHASSIS rv.e.,e: ..S......,A.(.L. 8CV£L C.CA"l' LARC.e ~V.CL <::;..;A-E! 
~ ..eeA~ CC""A.oi: 1'/0<JStA/C 
~ ~.!"A."<! AJ<.(.£ - J~i __..,......,~ gg Lll'"riAIG PADl:u.L"W,11££L 
£!. ~LA~TIC UNIV.C~s... .JOINT (~PUJ:D) 
2E. PLUMM£,q 8..:.<JC.O: AL.1T-5/:C1'11 ,, 
,.e..cA..q 6-lSC"At.AT$ [ 7- !i P:..Y 
,R<li\IT 4L'\S.C ... LATC 
TI.C RO.O 
~: I ~ I ~;F::: ~;::::.;rvC:::.~~ JrsuP .. woD) 
12 
.8A.U..§CA-Q'-'\IC -3.<~ WY !/~ JAJ~"' 
F'.li!ONY" WN~EL .$':ARH\JC ;KJt../S.'N4 5~ 
HAJJ' 0-:- I"'<.ASTIC LM./N~~,;.. 
~0~1< 
(SV"'<>u=J 
:ss-
10 .. I 1 I I"Ro--.1r ~o:;s M.t:.M."'r~ 
&"AA?NVC R.CTAM.PNC PL.ATC 
./.f,J::T J.<.OT COUPt '"'-'c; fR II ~<;>&s:J) 
Rlorr~ .. or cou,...t.;.;va (L"' r,~.~.<;>r.Ap) 
I F'LYWHECL 
.2. F"Rt'M./7" WI.JI" L /;)~11/_.-!:.,.;A,t:r ~ ... ~ ~...._.;; 
I! I. ,~:r IVNL'LL H(.l!j ( Rn•;,tr "'"'"-'::> 1'h•'E,...::;Ji 
Z I?ICHr W#,u:J. ~"~ (LL'rT """"":;>-.-,c..~ 
Lrrr ~rv"' All.<.£ r,..,,;;,,r ..,........,<::> m-r.....:.J! ~-:; 
li!fC,J.IT o31"Ud A><.:..C (1..,;""" .. _.,() 1'7.-<.&<::>J 
.SCHOOL OF ENGINEERING 
fv1ECHANICAL DEPT. 
CJRAW.•h I( v. AL.!)(.oV,,"Dl'".«. li\PPROVCD• 
Tli!-'ICCC: OR.G N•z? N"J.jJ DAT'~ 1 Z!.l•/0·::>9 
tJ1 
0 
00 
i-' 
N 
Vl 
~IGURE 12.4: THE MODEL READY FOR ITS FIRST RUNS (WHEELS 2) 
CLEANER DESIGN 
FIGURE 12.5: THE MODEL AT A LATER STAGE, DEMONSTRATING ONE 
RETRIEVAL METHOD, THE FACILITY WITH WHICH THE 
CRAFT COMES APART AND THE AIR CLEANER IN ITS 
FINAL FORM. (WHEELS: REAR 23, FRONT 7.) 

511. 12.4 
installed later, and adapted to the changing conditions of operation. 
Once construction was complete the expected teething problems 
had to be dealt with, and it wasn't until the twelfth trip to the 
model boat lake that the craft ran successfully and under a measure 
of control. Once successful runs had been achieved the work of 
clarifying performance parameters and the testing of a variety of 
LPW's began. 
12.4 RECORDING CRAFT PERFORMANCE 
Getting the model to operate consistently under a chosen set 
of conditions was one thing, while the reliable recording of distin-
guishable results was quite another. In order to distinguish between 
results of craft performance, a number of techniques were employed. 
1) Each test in a particular series was coded with a binary 
number, and a pattern of flags (sticky labels) was stuck to the craft 
aerial so that it represented this code (numbering from bottom to 
top). This was generally visible in photographs. Each series of 
tests started these numbers at the beginning again. 
2) The LPW's themselves were painted in different colours, 
and in colour photographs they could readily be identified. 
3) Before each test a chart was drawn up. It contained the 
binary code, and it recorded the particular parameters under test. 
It was photographed prior to the test runs. (See Fig.l2.6.) 
4) Variations in the craft superstructure also helped to 
identify tests, for example long or short wheelbase versions, differ-
ent aircleaner designs, hull additions and so on. 
These methods were generally successful in identifying photo-
graphic records. 
There were three main forms of lakeside data records. These 
were: 
(1) Still Photography: Colour photographs were taken by the 
assistant, Mr K. Fairweather, with a hand held motordrive camera. 
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This enabled a series of views to be taken at a maximum rate of just 
over two photographs per second when necessary. Over 300 pictures 
were taken in this way; these included photographs of the test identi-
fication chart. There were a number of other photographs taken in a 
less systematic fashion by other photographers and these, taken for 
reasons other than simply keeping a record often provided additional 
useful information when they could be matched to the tests in question. 
(2) Black and White Video Recordings: These provided 
invaluable information on the craft dynamics, while the sound track 
recorded the engine note from which engine speed could later be 
determined. Two or three minutes of video record was generally more 
than enough to demonstrate the craft performance under each test 
situation. Close to lt hours of video recordings were made; these 
included views of the test identification chart at the beginning of 
each test. These video recordings had considerably less resolution 
than the still camera views, so these two records complemented each 
other. 
3) Written Records: These were made after each test and 
enlarged upon at the end of each day's testing. They contained such 
things as the binary code, the features under test, performance 
characteristics of note, motor mixture settings, fuel types, break-
downs, modifications, whether or not photos and video were taken, 
and so on. 
(4) Measurements: Actual quantitative measures of craft 
performance were not easily, nor often undertaken. One set of tests 
recorded static thrust of the model, and the final series took speed 
measurements by timing the craft over a measured distance. 
12.5 MODEL PREPARATION AND EXPERIMENTAL PROCEDURE 
Prior to each test series considerable organisation was required. 
Thorough preparation normally took more than a day and it was unusual 
not to have some repairs to be made. Before the tests the procedures 
in Table 12.7 were undertaken. 
Christchurch is fortunate to have a model boat lake not far from 
the University. This was ideally suited to the model tests which were 
always conducted there. Because of the vagaries of the weather, the 
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TABLE 12.7: PROCEDURES BEFORE A TEST SERIES 
Read the results of the previous test series. 
Make new wheels to be tested. 
Dismantle model, flush out bearings, make repairs and alterations. 
Reassemble model and check all screws and transmission grubscrews. 
Buy fuel, spare belts and glowplugs. 
Arrange to borrow video camera and recorder, and put video batteries 
on charge. 
Charge starter motor batteries, radio batteries and check glowplug. 
Install radio receiver and batteries in waterproof radio box on model. 
Plan test programme. 
Organise assistance for the tests - video camera operator, still 
camera operator, transport. 
Assemble all equipment, tools, cameras and check through equipment 
checklist. 
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TABLE 12.8: PROCEDURES AT THE LAKESIDE 
l. Unload and assemble equipment and model on the jetty. 
Connect up and test video equipment, load still camera, 
put tools and radio transmitter handy. 
2. Mount LPW's on the model. 
3. Make out chart describing the test to be undertaken (Fig.l2.6) 
and attach binary code flags to radio receiver aerial. 
4. Record intended test and binary code in writing, and take 
still and video shots of the test chart. 
5. Fuel up the model, check water trap in fuel pressure line, 
connect up glowplug, get engine running using the starter 
motor. 
6. Turn on radio receiver, then transmitter, check both steering 
and throttle operation; leave transmitter handy. 
7. Hand launch model fast or slow as required. Take over 
transmitter. 
8. When possible steer the model past the jetty for acceleration 
and high speed runs, for the camera records. 
9. After a suitable variety of performance trials, return the 
model to the jetty, stop the motor, return craft to the 
stand and turn off radio equipment. 
10. If the model has stopped in the lake it is to be retrieved, 
and radio equipment turned off. (Fig.l2.5.) 
11. Clean off weed and empty any water from motor, aircleaner 
and radio box. 
12. Discuss performance, make written records, repairs and 
alterations. Continue the same test at 5 above, or a 
new test at 2 above. 
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model motors, equipment breakdowns and the inevitably wet conditions, 
the lakeside tests were rather less than ideally controlled. Never-
theless, at the lakeside the tests followed a fairly regular procedure 
as contained in Table 12.8. About half the runs ended with the model 
out in the lake from where it had to be retrieved (Fig.l2.5) and if 
the craft had rolled over or submerged, the motor had to be blown out 
thoroughly before it would run again. Four hours was usually the 
extent of a day's testing by which time the various batteries were 
running low. 
In all there were 25 trips to the lake, covering tests with 
29 different sets of wheels. 
12.6 PROBLEMS AND CHARACTERISTICS OF THIS CRAFT 
This section covers point (2) in the introduction to this 
chapter in looking at problems unique to this type of· craft as found 
in the model tests. In this analysis they fall into the following 
five areas which will be examined in turn: 
(1) Motor output and power requirements. 
(2) Obtaining craft lift-off from a static start. 
(3) Craft stability in all modes of operation. 
(4) Steerage. 
(5) Land performance. 
12.6.1 Motive Power and Power Requirements 
In the first model tests and in the early stages of the second 
model tests, considerable time and effort was spent in simply trying 
to keep the model engines running under the wet conditions of low 
speed model operation. The difficulties had three aspects. 
(1) The torque matching between the motor and wheels was 
inappropriate: gear ratios were too high so the motor either stalled 
at launch or ran much too slowly to develop the required power. 
(2) Inexperience with these motors meant that fuel mixtures 
were not properly adjusted. Canterbury Model Power Boat Club members 
were consulted and their experience readily rectified this difficulty. 
518. 
water cool ing ~ 
h 
adjustable 
brakes 
h 
~ 
spring balance moved up or 
down so that measurements 
are taken at neutral 
balance point b 
~ 
6 
6 
, f-.___,.._/ 
12.6.1 
sprrng 
balance 
") 
~ 
fixed 
/pulley 
r 
pivots 
model/ 
chassis 
tension, t 
40mm drums in place of 
LPW's. Rotation , n, meas-
ured with tachometer: 
torque from all 4 wheels T0 = tr 
power from all 4 wheels P = 2 7\ ntr 
FIGURE 12· 9 SCHEMA TIC OF THE MODEL's CHASSIS 
DYNAMOMETER 
.FIGURE 12.10: THE DYNAMOMETER IN PREPARATION FOR 
TESTS WI TH THE LONG WHEELBASE VERSION 
OF THE r10DEL 
519. 12.6.1 
(3) The motor often stopped because it ingested too much 
water and spray. A series of air cleaners (eg:Fig.l2.10) and water 
traps was designed, used and lost to the bottom of the pond before 
the final satisfactory form evolved(it can be seen in Fig.l2.5) which 
generally allowed the motor to keep running in the most unlikely 
conditions. Ironically high speed runs with the designed LPW's 
were successfully conducted without the air cleaner (Fig.l2.20) 
(which had been lost earlier that particular day) and it only really 
seemed necessary when the model operated in the displacement mode 
and threw up more spray. 
As noted above, the original estimates of craft power require-
ments were too low and the model craft motors were upgraded in 
capacity from 2.5cc for the first model to 6.5cc and lOcc in the 
second. The difficulty with estimating craft power requirements 
had two aspects: 
(1) There were no reliable LPW experimental power measurements 
available for the first model tests nor for most of the second model 
tests. 
(2) Although the manufacturers rated power for the motors was 
known, the actual power output under these operating conditions, the 
shape of the power curves and the model craft transmission losses were 
all unknown. These factors were of considerable importance since 
these small two-stroke model motors often have steep power curves and 
their performances tend to be very sensitive to fuel variations, air 
temperature and humidity. So not only were power requirements unknown, 
but power available was unknown as well. 
By the time the testing tank results had been processed and 
the theory developed to an extent where power requirements could be 
estimated with some reliability (see sections 4.14 and 9.8) the model 
had been running successfully for some time. At this stage dynamometer 
tests to determine the model power output were planned to ascertain 
how well the model was performing in comparison with its predicted 
performance based on tank test data and theoretical work. 
A model chassis dynamometer was required to measure the power 
output at the wheels under the loadings and wheel revolutions 
expected in practice. Apparatus for this purpose was designed and 
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built by the author. It is shown schematically in Fig.l2.9 and a 
photograph of it being prepared for operation is shown in Fig.l2.10. 
The most pertinent features were that the craft weight was supported 
by the "wheels", small cast iron drums in this case, so that the 
bearings were loaded as they would be in practice, and the torque 
produced by the wheels was averaged by the apparatus, and could 
be determined from the spring balance measurements and the torque 
arm length. 
In operation water cooled the drums and the motor, and once 
the brakes had been applied, wheel rotational speed was measured with 
a hand-held tachometer while the spring balance was read. 
The apparatus, while providing results, was not easy to operate 
in its first form: for example the brakes could not be quickly and 
evenly applied, and the spring balance had to be moved vertically to 
obtain measurements with the apparatus in a balanced condition. 
Unfortunately the lOcc model motor broke a connecting rod when it was 
run too fast during the dynamometer tests, so that at the time of 
writing only a few scattered results had been obtained from the lOcc 
motor and those from a pilot series for the 6.5cc motor. These are 
shown in Fig.l2.11 and while they are not considered, by any means, 
to be a satisfactory test of the motor capabilities they are of some 
value for this project for the following reasons: 
(1) In both sets of results there are cases of widely differ-
ing power outputs from the motor at the same wheel revolutions and 
with the same fuel settings. Aside from the possibility of undetected 
dynamometer faults, these results seemed consistent with the varying 
performance found in practice. 
(2) As expected, no measurements exceeded the rated power 
output of the motors. This helps to validate the dynamometer results. 
(3) The tests of the 6.5cc motor gave one result of 588 watts, 
this being 233 watts below the rated output of the motor. This 
figure of 233 watts can therefore be taken as an upper limit to 
transmission losses. 
(4) Curves may be drawn through both sets of results as shown 
in Fig.l2.ll. These are the best estimates at present of the model 
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craft power output. It must be remembered, however, that under the 
right conditions when the model ran well, it may have been using 
more power than these curves show, possibly as much as the motor 
rated outputs. 
It is apparent from this discussion and attempted measurements 
that reliable estimates of LPW craft power consumption are not easy 
to obtain from model motors, which tend to give unpredictable 
performances. Such measurements may have to be left until a full-sized 
prototype can be developed. 
12.6.2 Achieving Lift-Off 
"Lift-off" is the term used to describe how the craft goes 
from floating during low speed running through an intermediate stage 
of hull planing to the condition where, at high speed, it is supported 
only on its wheels with the hull clear of the water. Getting the 
model LPW craft to achieve lift-off was one of the most confusing 
areas of the model tests. Now that the process is better understood 
it is apparent that a classification of the various stages of the 
craft's progress during lift-off clarifies matters. These stages may 
be classified in terms of displacement, transition and planing type 
modes for both the LPW and the craft h~ll. In this classification 
the wheel mode is followed by the hull mode as follows: 
(l) Displacement-displacement: Apart from static conditions 
this is the slowest mode of craft operation. The wheels themselves 
are in the displacement mode (see Fig.9.6), and the craft, in the 
displacement mode, is supported almost completely by the buoyancy of 
the hull. 
(2) Transition-displacement: The LPW's are in their transition 
zone (see Fig.9.7) while the hull, having a longer waterline length 
is still in the displacement mode. The model craft just beyond this 
condition is shown later in Fig.l2.15 and this was originally believed 
to be a difficult stage for .the wheels to go through. In practice 
this has not been the case at all, though if hull drag was excessive 
such difficulties might arise. 
(3) Planing-displacement: The wheels have just entered the 
planing mode (Figs.9.8 and 9.9) while the craft is still moving in 
its displacement condition. If the wheels are rotated fast, as they 
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often need to be to traverse this stage, a large bowsplash will 
develop in front of the LPW's as shown with the model earlier in 
Fig.4.19(E). This bowsplash may be excessive if the wheels are 
still relatively deeply immersed, which they are likely to be if 
the hull has not been lifted far. This was often the case during 
model tests. On the other hand if the craft has sufficiently low 
hull drag or the wheels generate enough thrust they will not be 
able to reach a high enough velocity ratio for bowsplash to begin 
to occur (see discussion of bowsplash in sections 4.9.1, 4.9.3, 
9.4.3.1 and 9.4.3.2). Thus the craft may traverse this stage with-
out the appearance of bowsplash at all. 
It is also possible that if the craft is light enough it will 
be lifted clear of the water before this stage is reached. Although 
it is unlikely, this stage could therefore be avoided altogether and 
the craft would go directly to planing-flying, point (6) below. 
Once the LPW's are planing another problem arises: if deeply 
immersed, or if the blades have a small blade angle ¢, then the angle 
S = (¢-8) may be negative. This being the case then by expression 
4.22 the thrust force in the planing mode will also be negative (see 
section 4.10.2). This sort of condition can be seen for FB,¢ = 45° 
in Appendix 4 (wheel 6,¢ = 45°) where, for the immersion ratio 
d D = 0.165 (symbol 'X') thrust is positive for the wheel in the dis-
placement and transition zones but becomes negative once planing is 
reached. If this is the case the LPW's cannot provide traction 
beyond the wheel transition zone and craft speed is limited to the 
wheel transition speed. To cope with this, wheels can be given blade 
angles ¢, which are large and such wheels can therefore provide 
positive thrust through the wheel transition zone at large immersions. 
This was one of the early problems with the model and was overcome by 
having high blade angles, greater than 90°, or cupped blades (see 
Fig.l2.2l and Table 12.22) and while these solved this transition 
zone problem they provided insufficient lift for lift-off. 
(4) Planing-transition: The wheels are still in their planing 
mode with or without bowsplash, while the hull is making the transition 
to planing. This is the "hump" speed for the hull and therefore its 
drag will be increasing rapidly with speed. Once again the craft may 
not be able to traverse this stage if the wheels do not have enough 
thrust to overcome this increasing hull drag. This also was observed 
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to be the limit to the model craft speed in many instances during 
the model craft tests at the lake. 
On the other hand hull drag may be levelling off with increase 
in speed, especially if the LPW's now with the assistance of the 
planing forces generated by the hull are able to lift the hull high 
in the water, and therefore decrease the drag. 
Alternatively this stage may be by-passed altogether if LPW 
lift forces are sufficient to lift the hull clear of the surface 
before its hump speed is reached. (Hull hump speed or transition 
speed may be found approximately from the hull waterline length since 
it occurs when Fr ~ 0.75. See section 4.15.2.) 
Interestingly the short wheelbase version of the model 
apparently managed to avoid the high drag of the hull in its transi-
tion zone by lifting the bow out first, thus shortening the hull 
waterline length so that it was automatically planing. In this case 
the wheel torque fortuitously provided a suitable mechanism to make 
this change. Model hull transition speeds were about 2.1 m/s for 
the short wheelbase version and 2.3 m/s for the long wheelbase 
version. 
(5) Planing-planing: Both the wheels and the hull are in 
their planing modes in this stage. At least some of the craft support 
is gained from the hull's dynamic forces. Many of the LPW's tested 
achieved this state, giving quite high speeds (about 5 m/s max.) but 
not operating as truly lifting devices. In fact purely thrusting 
paddlewheels could also achieve this same state, and indeed, this 
is what Wray and Starrett hoped to do (see Fig.2.5) and was also the 
intended use of Beardsley's Surface Impulse Propulsion concept. (1) 
This can be seen to be the model craft condition in Fig.l2.12 where 
the model craft's stern is in the water and the rear wheels are 
deeply immersed (to about~= 0.2). In this state the LPW's may, 
or may not be generating bowsplash depending upon the conditions of 
velocity ratio, immersion, blade angle and number of blades. In 
Fig.l2.12 bowsplash is not evident from front or rear wheels and 
velocity ratio, as determined from the splashes left by the front 
wheel blades is quite high (about 0.64), just consistent with 
conditions of no bowsplash (see Fig.9.28). As befor~ this condition 
1. Beardsley, P.lO 
FIGURE 12·12: THE MODEL IN THE PLANING - PLANING CONDITION. 
THE REAR OF THE HULL IS IN THE WATER, AND THE REAR 
WHEELS DEEPLY IMMERSED (d/D ~ 0·3, V0 ~ L.m/s, WHEELS: F 8, R 20) 
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FIGURE 12 ·13 : THE ARRANGEMENT FOR THE TOWING TESTS 
OF THE MODEL WITHOUT LPW's IN PLACE, AT THE KAINGA 
TESTING TANK. (PLANING ANGLE, 1, WAS NOT MEASURED.) 
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may be avoided altogether if sufficiently large lift is generated 
by the LPW's to lift the hull clear at speeds below the craft 
planing speed. 
(6) Planing-flying: This is the condition which can be 
uniquely achieved by the lifting paddlewheel. The wheels are in a 
high speed planing condition while the craft hull is raised clear 
of the water (see Fig.l2.20). Under this condition the hull drag is 
reduced to air drag and spray drag which is presumed to be small 
compared to the former hull drag. Thus once this condition is 
achieved, speed rapidly increases and the LPW's begin to operate 
at high velocity ratios (low slip) . Under optimum conditions the 
speed could be arranged to increase until the craft was operating 
at its maximum propulsive efficiency (see section 13.2.10). 
While these states are clear now they were not apparent in the 
early stages of the model tests, where emphasis upon wheels for 
propulsion to overcome hull drag diverted attention away from the 
importance of wheels with adequate lift. As an example in Figure 
12.12 the model is fitted with cupped-bladed wheels to overcome 
hull drag. Cupped blades while providing good thrust only give lift 
after cavity intrusion (see section 10.10 on cupped blades). In 
Figure 12.12 the wheels are not demonstrating bowsplash, so they will 
be operating before cavity intrusion and therefore providing insuffi-
cient lift for lift-off. Such cupped blades never achieved the 
planing-flying condition on the model. 
Once attention returned to lifting wheels of suitable dimen-
sions lift-off was readily achieved from a static start. 
12.6.2.1 Hull Drag Measurement. To assist in analysis of 
the lift-off stages, drag tests on the model hull, in its early form, 
without the LPW's in place, were undertaken at the Kainga tank. These 
tests simply involved towing the craft at a series of known speeds, 
with the towing thread attached to the force balance shaft so that 
the drag could be recorded as negative thrust on the LPW data record-
ing system. Weights were added to the rear of the hull and the bow 
was lifted by similar weights over a pulley, to represent the effects 
of wheel torque. This is shown schematically in Fig.l2.l3. These 
were only intended as order of magnitude tests as it was fully 
expected that the hull drag in still water was likely to be different 
from the hull drag under operating conditions with the LPW's generating 
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FIGURE 12 ·14 RESULTS OF TOWING TESTS ON THE MODEL CRAFT. 
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their own wakes. The results of these tests are shown in Fig.l2.14 
and can be seen to demonstrate greater drag than would be found in 
the smooth hull form of a conventional craft. If it is assumed that 
this curve is unaltered by the presence of the LPW's creating their 
own wakes or lifting the hull as speed increases, then the thrust 
from the four LPW's must be greater than these drag results right 
through to the speed where lift-off occurs. Reference to the results 
of wheel 6.25, (in Appendix 4) which was the small wheel tested, and 
which was also tested on the model (wheel 2 in Table 12.22) makes it 
clear that four of these particular wheels would not be capable of 
taking the craft to much more than 1 m/s when their combined thrust 
at deep immersions would approximate the craft drag. At this speed 
their combined lift would only be about one third of the craft weight. 
The model travelling at about this limit of speed with these wheels 
is shown in Fig.l2.15, while a fast hand launch allowed the model with 
these wheels to maintain a planing-flying condition as shown in 
Fig.l2.16. 
12.6.2.2 Early Methods for Achieving Lift-off. In many of 
the early tests the lift-off problems were simply sidestepped by 
giving the model a high speed hand launch which projected it directly 
into the planing-planing mode from which suitable wheels could 
achieve and maintain lift-off. (Some wheels which caused the fountain 
effect and craft submergence in the displacement-displacement mode 
(see section 11.3.2) required this sort of launch from which they 
could maintain planing-displacement conditions without submergence 
(see the next section 12.6.3).) 
In some attempts at achieving lift-off in the planing-transition 
mode, hull planing seemed to be prevented by the large bowsplash gen-
erated by the deeply immersed LPW's (Fig.4.19(E)). This could some-
times be overcome by turning the craft sharply on to its own wake 
which seemed to bounce it in to the planing mode, or by turning sharply 
from left to right and back to help shed the bowsplash. 
One approach attempted, to avoid the built-up of bowsplash, 
and to control the immersion conditions of the entrained flow was 
to add plates or surfaces ahead of the wheels as suggested by Beardsley 
(1) (Fig.2.9) and Wray and Starrett. (2) It was hoped that these 
plates could be made to control the inflow conditions sufficiently to 
cope with the problem of smaller blade angles with negative angle S 
1. Beardsley, P.lO 2. Wray & Starrett, P.l3 
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(see point (3) above and section 4.10.2). Such plates with height 
adjustment screws can be seen in Fig.l2.17 in front of the front 
wheels and between the front and rear wheels. Earlier versions can 
be seen in Fig.l2.15. These plates have only made slight differences 
to lift-off difficulties though their effects have yet to be thor-
oughly assessed. Once the optimised LPW designs were found to be 
successful, tests on these plates lapsed. 
The effects of spray on craft lift-off are possibly of some 
significance. Although no measurements have yet been attempted it 
can be imagined that the large amounts of spray thrown up at lift-off 
speeds would add to craft drag. Equally, however, it can be seen 
that this spray may aid in lifting the craft as much of it is inter-
cepted by the mid-section and rear plates. These effects, still not 
assessed are discussed further in section 12.8 and Table 12.23. 
12.6.3 Stability 
Although water craft operate in a medium which makes them 
inherently less stable than vehicles on land, this fact was easy to 
overlook in adapting a road vehicle configuration to water use .. 
Stability needs to be considered separately for each of the conditions 
of hull speed: 
(1) Static buoyant stability. 
(2) Stability at low speeds with the hull in the displacement 
or transition conditions. 
(3) Stability with the hull planing. 
(4) Dynamic stability of the craft after lift-off. 
In examining these conditions the following aspects need to 
be kept in mind: 
(1) The effects of wheel torque. 
(2) Longitudinal stability. 
(3) lateral stability. 
(4) Dynamic effects. 
Of these four aspects the effects of wheel torque were the most 
significant and easily overlooked. As already noted the second model 
was designed with its centre of gravity well forward, 25% of the 
wheelbase length behind the front axle, to balance the effects of 
motor torque. 
FIGURE 12.15: THE MODEL JUST BEYOND THE TRANSITION-DISPLACEMENT 
CONDITION, WHICH WAS THE SPEED LIMIT FOR THESE 
WHEELS FROM A STANDING START (WHEEL 2). NOTE OUT-
RIGGERS AND ENLARGED BOW. (V0 ~ 0.9 m/s) 
FIGURE 12. 16 : THE MODEL IN AN EARLIER FORM, IN THE PLANING-FLYING 
CONDITION AFTER A HAND LAUNCH. THE SAME WHEELS ARE 
IN USE (WHEEL 2), Vo ~ 4 m/s. NO MID-SECTION OR REAR 
PLATES ARE IN USE. 

533. 12.6.3.2 
Each of the conditions of hull speed will be examined in turn 
and the most significant stability factors noted in each case. 
12.6.3.1 Buoyant Stability. With the centre of gravity well 
forward the centre of buoyancy had also to be well forward so that 
the floating craft had a reasonable attitude which did not interfere 
with its displacement motion. The hull was necessarily flat 
bottomed to allow it to be lifted clear of the water at speed, and 
narrow enough to fit between the wheels. With the motor mounted as 
high as it was, the centre of gravity was about 12 mm (0.08D) above 
the water level so that this hull did not have particularly good roll 
stability: if the craft was tilted 55° to 60° from the horizontal it 
overturned. In the most recent form the radio box on top of the hull 
contributed to the buoyancy of the aft end, and being placed high it 
helped a little in preventing the craft from completely overturning 
on occasions. 
12.6.3.2 Stability in the Hull Displacement and Transition 
Modes. This was the least stable condition of all 
for the model. In early tests it was found necessary to mount out-
riggers on the craft to prevent it rolling over at these speeds (see 
Fig.l2.15 above). The reasons for this instability can now be 
generally attributed to the torque reaction and fountain effect 
created when any one of the craft wheels became too deeply immersed. 
Lateral stability could be lost if, for example, the craft was 
turned sharply, when, because of its high centre of gravity it would 
list and immerse the outside front wheel. This wheel then absorbed 
most of the motor torque, which had the primary effect of rotating 
the craft around the inclined front axle and caused a confusing set 
of conditions which either righted the craft or caused it to roll 
over, out of the turn. 
This lateral instability in the displacement-displacement mode 
was largely corrected by two alterations. The first was to add more 
buoyancy to the craft bow by extending it forwards and upwards. 
This prevented the craft from immersing either front wheel deeply. 
The second was to place horizontal plates between the front and rear 
wheels (see Figs.l2.5, 12.10, 12.15, 1.3). While these helped to 
convert wheel spray to lift at high speeds and kept front wheel spray 
from striking the rear wheels, their primary purpose was for lateral 
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FIGURE 12 . 17: THE FOUNTAIN EFFECT CAUSING THE MODEL TO 
SUBMERGE . THE SEQUENCE COVERS ~ s SEC . 
(WHEELS: 24, MESH) 
12 . 6 . 3 . 2 
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stability in this displacement-displacement condition. It was 
unclear at first why they helped, but it seems now that these 
plates redirected water thrown up by the front wheels in the fountain 
effect, which seems to occur with all wheels at deep immersions 
d (0 > 0.5). In intercepting this flow the plates created substantial 
righting moments which restored craft equilibrium. These two methods 
proved quite adequate for displacement-displacement stability and the 
outriggers were removed. 
It is clear that a lower centre of gravity would greatly assist 
in reducing this sort of instability. 
Longidutinal instability was also a problem with some wheels 
in the displacement-displacement mode. Wheels which combined the 
properties of poor thrust with the ability to create the fountain 
effect, caused these difficulties. Their operation seemed to be as 
follows: thrust was not sufficient to keep the craft moving faster 
than the wheel transition speed. At this speed, or slower the rear 
wheels produced substantial fountains and so created large negative 
lift forces. Since the centre of buoyancy of the craft was well 
forward and the plates behind the front wheels redirected spray from 
them, the front of the craft stayed up and the rear was pulled down. 
Once the rear wheels were fully immersed their torque reaction rotated 
the craft round the rear axle. The whole effect was that the craft 
would slow down and be caught up by its trailing wavetrain whereupon 
it would halt, and reverse downwards into the water under a fountain, 
sometimes rolling over in the process. This formidable behaviour 
' is shown in the sequence in Fig.l2.17 {A)-{D) for the mesh wheels 
(No.25 Table 12.22). The process in this figure began with a hand 
launch at about 1.5 m/s, into the planing-displacement condition 
(note bowsplash in Fig.l2.17(A)), and the motor stopped before the 
craft became completely submerged, just after (E). 
It is interesting to note that most of the other wheels 
responsible for this reaction, (Nos. 27, 28 and 29 in Table 12.22), 
would maintain traction and keep the craft running if it was launched 
into the planing-planing mode to start with. This response only 
occurred when the wheels themselves were in the displacement or trans-
ition mode. 
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FIGURE 12 ·18: THE BOUNCING MOTION: FRONT WHEELS OFTEN 
LEFT THE WATER COMPLETELY, REAR WHEEL IMMERSION DECREASED 
AT HIGH POINTS. 
-
-
FIGURE .12. 19: WHnJ THE BOU ~JC I NG WAS EXCESSIVE THE r,10DEL 
LEFT THE WATER COMPLETELY. STEERING WAS DIFFICULT UNDER 
THESE co ~m IT IoNs. (W HEELS F7, Rl9) 
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12.6.3.3 Stability in the Hull Planing Mode. As the craft 
speed increased from the hull displacement mode so did the craft 
stability. Support came increasingly from the wheels which provided 
relatively widely spaced points of suspension compared with the 
support of the hull buoyancy forces. Steering now produced less roll 
and the wheels in their planing condition were unable to carry water 
around to create the fountain effect and negative lift. 
Once the hull was planing, however, a new set of dynamic 
stability problems arose. Apart from the dynamic effects of the 
wheels themselves which acted like undamped elastic supports as 
discussed in (4) below, the hull seemed to act like many flat-bottomed 
planing hulls and executed a porpoising motion with. a frequency of 
about 2.75 Hz. While in this case the action was probably assisted 
by the wheel lift, it looked very similar to the behaviour of high 
powered planing boats. This phenomenon has been studied at length 
by boat designers and others who have found that instabilities arise 
from an interaction between vertical and pitching motions which tend 
to increase as the planing angle becomes small, the immersed surface 
becomes large, or the speed is increased. Variation in these factors, 
then, can cause the porpoising craft to become increasingly unstable, 
or can cause the oscillations to die out. (1) The model craft with 
the hull in its planing mode demonstrated both these extremes. In 
general it "bounced" along as shown in Fig.l2.18 and occasionally 
the oscillations stopped and it then had the chance to pick up speed 
and achieve proper lift-off, though usually such clean runs had to 
be interrupted by turns which started the oscillations again. Some-
times, however, oscillations built up so that the craft leapt clear 
of the water, Fig.l2.19, and on one or two occasions these leaps 
ended in dives terminating the run. Normally this bouncing motion 
about the rear axle or craft stern was not of such an extent as to 
necessitate the craft being slowed down for its safety. 
This porpoising motion in the hull planing mode was of concern 
from two points of view, first, with the front wheels clear of the 
water much of the time, ·steering the craft was difficult, and second, 
this motion repeatedly immersed the full length of the hull which 
increased hull drag considerably so that with many of the wheels 
tried, the craft could not attain speeds that would have allowed them 
1. Perring, RINA, 1933 
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to lift it clear of the water. Some time was spent in trying to 
understand the causes of this motion so that it could be prevented. 
Apart from the fact that the hull itself seemed to be porpoising 
several other factors may have contributed to the motion: 
(a) As noted already, the wheels acted like undamped springs 
on the four corners of the craft. 
(b) The motor speed could be heard to vary in time with the 
motion: if the front wheels left the water, motor speed increased 
and therefore motor torque decreased. This reduced the torque reaction 
around the rear axle, and allowed the bow to fall back again. Immediat-
ely the front wheels entered the water the motor came under load so 
its speed reduced and torque increased which, with the assistance of 
the lift forces generated by the front wheels, lifted the bow out 
again. This mechanism doesn't require any contribution from the 
craft hull. 
(c) Another possible mechanism seems a little less likely to 
cause the rotational motion about the rear axle that was normally 
observed, but it may be responsible for the less often observed verti-
cal motion. By the expression 4.31: 
T 
- = tan (¢-8) L (4.31) (12.1) 
if lift is assumed to be roughly constant and a little less than the 
weight of the craft, then with the hull in the water, planing, drag 
and therefore thrust must be relatively large for steady motion. 
Any increase in thrust tends to decrease the immersion angle 8 since 
the blade angle ¢ is fixed and equality in the expression must be 
maintained. Reduction in the immersion angle, 8 'lifts the craft clear 
of the water and this reduces the drag dramatically, so that the 
craft accelerates, velocity ratio increases, thrust decreases and to 
keep the equality, the immersion angle 8 increases so that the craft 
falls back on to the water surface, starting the cycle again. 
While (b) above seems the most likely explanation as it is 
consistent with the method used to stop it ((4) below), the explana-
tion (c) should not be overlooked. 
A number of methods have been tried to dampen out these 
oscillations: 
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(1) Weight shift methods: Loads of up to 0.5 kg (0.13 of 
the craft weight) were placed on the craft bow to both stop its 
lifting clear of the water and to change the craft's moment of inertia. 
Such efforts were uniformly unsuccessful in preventing this porpoising 
motion though they did lower its frequency to about 1.5 Hz (on the 
long wheelbase version). 
(2) Changing the wheelbase: The craft wheelbase was increased 
from 418 to 600 mm. This simply lowered the bounce frequency also. 
(3) Reducing lift from the front wheels: This was accomplish-
ed by reducing the front wheel blade size to a quarter of rear blade 
area (Fig.l2.12) which showed no change in the bouncing. Blade area 
was then reduced to zero and simple discs were put on instead of the 
front wheels. The craft could not be run satisfactorily with these 
in place, since with no traction at the front, and most of the hull 
drag ahead of the rear wheels, steering became very sensitive and 
unstable, so that each run ended with the craft turning sharply from 
a gentle turn and rolling itself over before the planing-planing 
condition could be reached. Effectively negative lift with positive 
thrust was given to the front end by using the flat-bladed wheels, 
FB,¢ 75° mounted backwards which made them FB,¢ = 105° wheels. In 
this case craft steering was good but the negative lift didn't stop 
the bounce. 
(4) Plates behind the rear wheels: These can be seen in Figs. 
12.6, 12.20 and 13.3. This method seemed entirely effective in 
preventing the buildup of the porpoising-type bounce. It apparently 
operates in the following manner: As the rear wheels immerse they 
throw up more spray which, in striking these rear plates generates 
a moment about the rear axle having the opposite sense to the torque 
reaction of the craft around the rear axle. Thus these plates tend 
to counteract any rearing of the craft especially when it coincides 
with an increased immersion of the rear wheels. In action this 
moment appears to operate in phase with the mechanism that causes the 
porpoising and successfully damps it out. 
These plates also had a disadvantage in that in some circum-
stances they prevented the craft from making its transition to the 
hull planing mode. This seemed to occur because they tended to hold 
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the craft bow down rather than letting it rear through the transition 
mode as described above (section 12.4.2, point 4, Planing-transition 
mode). 
Since this final method worked it would appear that the explana-
tion of the bouncing motion is largely contained in (b) above. If 
this is the case the bouncing motion could probably also be prevented 
by governing the motor speed. 
What appears to be the same or a related bouncing motion has 
been observed in some large earthmoving vehicles which have no sus-
pension other than their large tyres. At speed they can get into a 
galloping, fore-and-aft bounce which varies the motor speed. That 
these vehicles have little inherent damping in their suspension, and 
that the motor speed varies with the bounce tends to indicate similar-
ities in the mechanism. 
Lateral stability in the planing-planing mode was considerably 
better than in the hull displacement mode, though with the high 
centre of gravity the craft still tended to roll on sharp turns. 
Often, therefore, it was preferable to slow the craft down to negotiate 
turns. 
12.6.3.4 Stability After Lift-Off. This was potentially the 
most stable condition since, like hydrofoil craft, the suspension 
points were now spread widely, at the corners of the craft rather 
than within the hull boundaries. Dynamic problems in the model were 
still present though these had altered a little in character. With 
the craft moving faster the motor and wheels were running faster and 
nearer to their design speeds, so that the torque was lower, enabling 
the craft to sit evenly on the front and rear wheels as intended. 
(Compare Fig.l2.12 where the hull is planing and has the stern 
immersed, with Fig.l2.20 where the hull is flying and is parallel to 
the water surface.) The rotation bounce around the rear axle in this 
situation gave way to a fore-and-aft galloping motion similar to that 
of earthmoving machinery described above. This could build up to a 
condition where the craft ended a bounce with a dive. This occurred 
with the first model when its flotation was removed, and with the 
second model, with the optimised LPW's1 it was again successfully 
dealt with by using the plates behind the rear wheels, seen on the 
planing-flying model in Fig.l2.20 (also in Fig.l3.3). 
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FIGURE 12.20: THE SHORT WHEELBASE MODEL WITH BEST WHEEL DESIGN 
(WHEEL NO.l7) IN THE PLANING-FLYING CONDITION AT 
ABOUT 9 m/s. NOTE THE VERY SMALL IMMERSION AND 
ONLY A LITTLE SPRAY; NO AIR CLEANER WAS REQUIRED 
AT SPEED. 

543. 12.6. 4 
A new oscillation mode began only after lift-off. The craft 
sometimes went into relatively rapid lateral oscillations (about 
6 Hz), as first one side then the other bounced out of the water. 
This was also observed on the original model craft. It was noted 
on the second model that sometimes only the rear wheels went into 
these oscillations, as the light, rear part of the chassis was able 
to twist sufficiently to allow this to happen. The evident solution 
is to stiffen the chassis torsionally and to increase the craft's 
moment of inertia about the for and aft axis. 
This oscillation did not cause as much concern as longitudinal 
porpoising motions, though it did slow the craft a little. 
12.6.4 Steering 
Most of the steering problems associated with normal road 
vehicles were encountered, one way or another on the model craft 
during water-borne operation. Steerability varied from almost none 
at all to excessively sensitive steering causing the craft to spin 
and flip over at speed. Most of the problems were comprehensible 
in terms of road vehicle steering analysis, and while tests have not 
been carried out to specifically identify steering problems the 
following observations may be given: 
(1) Understeering: occurred when (a) the front wheels were 
bouncing out of the water much of the time, and (b) the craft had 
wide rear wheels of high traction compared to those at the front. 
Since the craft had no differentials on its axles wide wheels made 
it difficult to turn without necessitating large changes in slip. 
(2) Oversteering occurred when both: (a) the bow was well 
down in the water as it might be when there were high lift wheels 
on the back and low lift wheels on the front, and (b) the rear 
wheels gave more traction than the front. The classic demonstration 
of this case was with discs on the front, since these provided 
neither lift nor thrust and the craft steering was excessively sensi-
tive as noted above (section 12.6.3.3, point (3)). 
(3) With the partly flexible steering linkages on the model, 
steering shimmy often developed. This involved the front wheels 
turning rapidly from left to right at around 6 Hz. This effect was 
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exaggerated with wide wheels. It was successfully dealt with by 
adding a small oil filled damper into the steering system, much 
in the way it is installed in four-wheel-drive off-the-road vehicles. 
(4) With high lift wheels (the optimised FB,¢ = 60° LPW's or 
wheel No 3, Table 12.22, see section 12.8 later) at high speed the 
craft was very "light" on its wheels and tended to slither like a 
car on ice. The danger was that the wheels would grip irregularly 
as they struck wavelets, and this caused the steering to be rather 
erratic so that sometimes high speed slides developed, which 
resulted in the craft overturning. Blades with more traction and 
a little less lift (developed from wheel 1.75,¢ 90°) gave consider-
ably better control with an improved performance. (Wheel No.l7 in 
Table 12.22 and Fig.l2.21.) 
(5) As already noted, steering in the hull displacement 
condition had to be undertaken cautiously since the high centre of 
gravity tended to roll the craft. 
(6) Virtually all the model LPW's were made with a central 
disc which extended beyond the edges of the blades. It was believed 
that these discs would provide the necessary lateral resistance for 
steering to be accomplished. It is not clear how important these 
discs were nor how necessary it was to extend their edges beyond the 
blade tips. 
It was felt that a number of the steering difficulties may 
have occurred because of inappropriate steering geometry. For example, 
since the point of support for the flying LPW craft is the point of 
blade entry rather than the point directly below the wheel axle some 
consideration needs to be given to a suitable castor angle. There is 
no castor angle in the model steering and this may be the cause of 
the shimmy noted in (3) above. 
At present the steering control of the model craft could at 
best be described as satisfactory, but efforts have so far been 
concentrated elsewhere. It is clear that steering can be rapid 
enough to roll the craft over which is a more severe manoeuvre than 
would normally be required. What is needed then is a method of 
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better controlling this steerage capability rather than the develop-
ment of a different system altogether. 
12.6.5 Land Performance 
Land performance was never of much concern as the capabilities 
of four-wheel-drive vehicles are already well understood. The LPW's 
used on the model were normally not robust enough for land use but 
the craft was run on land on several occasions and successfully driven 
from land to water directly into the planing-planing mode. Model 
cars of the same power as the model LPW craft normally have centri-
fugal clutches and brakes and the few runs on land with the LPW craft 
showed how useful these are: the land seems to have many more trees 
and bystanders than the model boat lake. For such reasons as these, 
and because runs from land to water didn't show anything that could 
not be ascertained from hand launches, land runs were generally 
avoided. 
12.7 THE MODEL CRAFT AS A TESTBED FOR LPW'S 
Once the model was running reliably it could be used as a 
testbed for the variety of promising LPW's. There are three aspects 
of this testbed role to be considered: 
(1) Consolidating the results for the LPW's from the testing 
tank with performance results from the craft: Conditions of opera-
tion for the LPW in the testing tank differ considerably from those 
on the craft. Volpich and Bridge found differences in their results 
to the extent that paddlewheels giving 80% propulsive efficiency in 
tank tests could only be expected to give 35 - 40% overall efficiency 
in practice. Part of the reason for this was that in operation the 
wheels could not be arranged to operate at the conditions of slip 
(or velocity ratio) where peak efficiencies occurred. (1) It was of 
some importance, therefore, to identify such problems with the LPW's. 
{2) The effects of different LPW's on craft performance: 
It was not always apparent from tank tests which wheels would propel 
the craft through its transition to lift-off nor which would provide 
good steerability, and so on. Such properties could only be found 
with craft tests. 
1. Volpich and Bridge, Part III, P.520-523 
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FIGURE l2.2l(A): SOME OF THE WHEELS TESTED ON THE MODEL, 
SET OUT IN THE ORDER SHOWN IN FIG . l2.2l(B) 
12 .7 
547. 
i 
1~ 
19 
/;r 2/ 
R7 
R 11 
Drawing scale 1:1 (except 28 & 29) 
FIGURE 12·21 (B): DETAILS OF SHAPED BLADES FOR LPW's 
TESTED ON THE MODEL. NUMBERS ARE AS IN TABLE 12·22. 
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FIG .12. 22' TEST CONDITIONS AND RESULTS FOR LPW' S TESTED ON THE MODEL 
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(3) Continuation of tests on new wheels: Once the tank 
testing programme had been completed it was not practical to set 
the equipment up again for further tests. Model tests, on the 
other hand, could be undertaken as required and such tests were 
useful as the impulse theory was being developed. (Table 12.22, 
Column J, notes which LPW's were tested only on the model.) 
12.8 
The criteria for assessing the performance of the LPW's on 
the model were simple since they depended on observers' impressions. 
They can be usefully classified as: 
(a) Displacement stability: did the wheels tend to roll the 
craft over or submerge it in the displacement-displacement mode? 
(b) Achieving the planing-planing mode: did the wheels enable 
the craft to go from a displacement-displacement condition through 
the hull transition to the planing-planing condition? 
(c) Flying performance: did the wheels either allow the craft 
to fly from a high speed hand launch, or lift-off and fly from the 
planing-planing mode? 
From these criteria it is apparent that the ideal LPW, as far 
as these tests were concerned, was one which allowed the craft to 
operate safely in the displacement mode, could transport it through 
the hull transition and, after planing, could lift it off completely 
for high speed flying operation. Clearly the form and weight of the 
craft hull, and the power available would have some bearing upon 
whether the wheels performed as required, and changes in these 
variables between tests had to be taken into account in assessing 
the various wheels. 
In the earlier tests, (pre-1981) the model craft had never 
reached the planing-planing mode from a displacement start. These 
tests usually involved throw launches and neglected this second 
criterion, (b), altogether. Effort, therefore, was concentrated on 
improving the LPW's that first achieved this passage from hull dis-
placement to hull planing, and these were "blacks" (No.l2) and 
"blues" (No.20, see Table 12.22), which were primarily thrust wheels. 
Attention, therefore, focused on thrust performance with blade angles 
or tip angles of¢= 90° to¢= 130°, and lift was neglected as a 
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factor assisting in achieving the planing-planing condition. These 
thrust wheels, however, never properly achieved lift-off though 
some impressive runs were made in the planing-planing mode (see for 
example Fig.l.3 which shows the "blacks" (No.l2) in the planing-
planing mode at the top of a bounce; this figure is therefore some-
thing of a misrepresentation as it shows the operation of a primarily 
thrust paddlewheel rather than a true lifting paddlewheel) . Once 
the theory had been developed attention returned to larger span, 
high lift wheels and these were found to fulfil all three of the 
performance criteria without much trouble, providing there were 
enough blades of sufficient span. 
In this testbed series some effort was made to test complete 
sets of four wheels of the same type, and while this meant a lot of 
time spent in construction, normally undertaken by K. Fairweather, 
the results of tests with all four wheels the same were clear-cut 
in their indications. The wheels tested in this way on the model 
are shown in Fig.l2.2l(A) and (B) and the results of the tests, based 
on the above criteria are given in Table 12.22. 
While tests were also performed with differing pairs of wheels 
on the front and rear the results could not readily demonstrate the 
wheel capabilities, and such tests were usually undertaken to look at 
craft performance rather than wheel performance. 
The testbed work constituted the major portion of the model 
tests and experience with the unique characteristics of the LPW 
craft grew as the work proceeded. It was not until the final test 
series that attention turned to the optimisation of craft water 
performance using the LPW's designed on the basis of the experimental 
and theoretical work in earlier chapters. 
12.8 PERFORMANCE OF THE CRAFT WITH PURPOSE-DESIGNED LPW'S 
Towards the end of the project when the theory had been 
developed, along with the coefficient equations, there was enough 
information available to attempt to design suitable flat-bladed 
LPW's for the model craft. This could have been done by hand using 
calculations like those shown in Appendix 6 but with the number of 
variables involved in a necessarily iterative task it was more 
appropriate to use a computer programme employing the theoretical 
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relations for lift and thrust (expressions 4.22 to 4.27) and the 
coefficient equations (see Table 9.46). Once written this programme 
was also suitable for craft of any size so that full-sized craft 
LPW design could also be performed. This computer programme, 
'LPWCRAFT' is described more fully, along with its assumptions and 
limitations in the next chapter, and the listing is contained in 
Appendix 7. 
This programme, then, was used to assist in the design of a 
suitable set of LPW's for the model craft. The objectives of this 
design process were twofold: 
(a) To produce LPW's that would enable the craft to fly 
well. 
(b) To assess the validity of the design procedure by 
comparing predicted performance with actual performance. 
The wheels were chosen to match the available gear ratio and 
craft configuration and the resulting "optimised" LPW's and their 
performance is recorded as No.3 in Table 12.22. 
high lift wheels with the blade angle¢·= 60°. 
They were essentially 
While only a brief 
set of tests have been undertaken with these wheels to date they have 
provided a useful reference point. 
With these wheels, lift-off was readily achieved, and speed 
over a measured distance of 56 m averaged 5.6 m/s. Later tests 
using wheels with slightly concave blades (No.l7 in Table 12.22) 
tended to confirm observers' reports that the craft was accelerating 
throughout the run so that a speed nearer 9 m/s is probably a more 
realistic indication of its final speed (see further discussion 
below) . At these speeds the size of the lake restricted the acceler-
ation distance so that full performance speeds were unlikely to be 
reached. It must also be pointed out that no effort was made to. 
choose conditions or tune the engine for speed runs at this stage. 
and only five runs were made with these wheels, so better performances 
could well be achieved. 
The predicted and actual performance figures are shown in 
Table 12.23 and the differences between these results provide a 
starting point from which the design process may be improved while 
at the same time.giving an indication of its present accuracy. 
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Before discussing the implications of the results shown in 
the table some notes on how the data were derived are necessary. 
(1) There are four sets of results. Column (a) lists the 
actual craft performance figures to date, as recorded and discussed 
in earlier sections of this chapter. Column (b) contains performance 
predictions using the computer programme which used theoretical 
models and the coefficients derived from the tank tests: no account 
was taken of the effects of spray. Columns (c), (d) and (e) contain 
a set of similarly calculated results assuming the spray has an 
increasing effect on craft drag (and hence thrust) . Columns (f) , 
(g) and (h) contain another set of results which assume, additionally, 
that the spray contributes 3N per wheel to the lift force; the wheels 
have therefore to lift 3N less each, though still overcoming the in-
creased drag caused by spray. 
(2) All the theoretical power results have been estimated 
on the basis of the Power Budget described in section 4.14, the 
power coefficient, cp, described in section 9.8, expression (9.8), 
and an extra contribution based on the effect of diameter on propul-
sive efficiency as shown in section 9.4.4. 
(3) The wheel speed of 25 revolutions per second was 
calculated from the maximum engine speed recorded during the test 
runs with these wheels, and all results in the table have been 
based on this value. (Changes in the wheel speed markedly change 
craft speed, power and immersion in the calculated predictions.) 
(4) Actual immersion values for the model were difficult to 
determine since the craft was never very steady, and the wheels 
regularly left the water altogether (see Fig.l2.20). Immersion was 
rarely as much as 20 mm when recorded by photographs and the video 
camera, so the value of 15 mm is the best that could be given. 
(5) The lift from all four wheels must equal craft weight 
unless there is a contribution to the lift from spray as assumed 
in columns (f) , (g) and (h) when wheel lift and spray contribution 
must equal craft weight. 
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TABLE 12.23: ACTUAL MODEL PERFORMANCE, AND PREDICTED MODEL 
·POWER (W) 
VELOCITY (m/s) 
WHEEL REVOLUTIONS 
(rps) 
VELOCITY RATIO 
IMMERSION 
(rom) 
WHEEL LIFT 
(N per wheel) 
SPRAY LIFT 
(N per wheel) 
AIR DRAG 
(N) 
SPRAY DRAG 
(N) 
TOTAL DRAG 
(N) 
VELOCITY AT 
LIFTOFF AT 
25 RPS (m/s) 
PERFORMANCE UNDER A VARIETY OF SPRAY INFLUENCES. 
WHEELS USED, N0.3 AND NO.l7, TABLE 12.22. 
(]) 
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() 0 H 
~ 'H P-1 
rd H Ul 
s (]) 
H P-!01 Theoretical Theoretical 0 (]) ~ 
'H .j.J .-I ·rl performance performance H rd rd .j.J (])ro () () if spray if spray P-1 ·rl (]) 
0 .j.J.--1 progressively reduces lift 
.-I .j.J (]) 01 
rd H (]) increases drag and progress-::l 0 ~ 
.j.J (]) ively increases () 
..c: ~ E-l drag 
a b c· d e f g ,h 
500 -
800W? 518 542 566 596 432 466 470 
(Fig .12. 11) 
~ 9 13.5 13.25 11.6 9.45 12.82 10.52 8.6 
25 25 25 25 25 25 25 25 
max. 
0.42 1.12 1.11 0.97 0.79 1.07 0.88 0.72 
-0.75 
~ 15 28.5 21 14 10 16.3 11.5 7.4 
6 - 9.81 9.81 9.81 9.81 6.81 6.81 6.81 9.81 
<. 4 0 0 0 0 3 3 3 
.085 to 0.62 0.59 0.45 0.30 0.55 0.37 0.25 0.27 
? 0 0.59 1. 36 2.04 0.55 1.12 1.7 
? 0.62 1.18 1.82 2.34 l.l 1.49 l. 95 
2.1 
±0.15 2.44 2.44 2.45 2.45 1.93 1.93 l. 94 
CRAFT WEIGHT 4 kg OR 9.81 N PER WHEEL 
555. 12.8 
(6) A spray contribution to the lift of ~ 4N per wheel was 
decided upon for column (a) after measuring the forces required to 
bend the side and rear plates to the extent observed in photographs. 
Spray lift forces may be greater than this if the spray strikes the 
underside of the craft rather than these plates, though this seems 
unlikely. 
(7) Air drag throughout was based on the air drag results 
of brief wind tunnel tests which ascertained that craft air drag 
for the model may be given by: 
Drag 
where Drag 
v 
0 
2 
0.0034 (V0 ) 
air drag in newtons 
craft speed, m/s 
(Note that the drag equation in this form avoids having to assess 
the craft frontal area.) 
(8) Spray contribution to drag has been increased progressiv-
ely through each of the two sets of theoretical results examining 
its effects, since as yet no methods have been devised to estimate 
its contribution experimentally. It may, however, be imagined to 
be significant under some conditions when spray from the front wheels 
strikes the midsection plates and rear wheels. 
Now the predicted performance and actual performance figures 
in Table 12.23 may be compared: 
(1) The theoretical results in column (b), which ignore 
the effects of spray, differ markedly from the actual results, in 
terms of velocity, velocity ratio, immersion and power. It is not 
clear whether the model would be able to achieve speeds of 13.5 m/s. 
Given ideal conditions and appropriate handling of spray speeds of 
11 m/s might be attainable. 
(2) The theoretical results in column (e) for no spray 
contribution to lift and a high spray contribution to drag show 
a better overall agreement with the actual performance figures in 
column (a) . 
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TABLE 12.24: MODEL BOAT SPECIFICATIONS AND PERFORMANCE FIGURES 
COMPARED TO THE MODEL LPW CRAFT 
BOAT WEIGHT 1 INSTALLED ENGINE HULL SPECIFIC CODE SPEED POWER CAPACITY LENGTH POWER 
(kg) (m/s) (W) (cc) (mm) HP (ton.kts) 
A 3.45 14.2 ll20 7.5 900 16.03 
B 3.0 12.5 560 3.5 840 11.9 
c 5 15'6 1570 10 900 14.ll 
D 4.75 15.6 1570 10 900 14.86 
E 3.75 13.3 750 6.5 760 10.54 
F 9.07 18 1865 11.8 llOO 8.01 
(Hydroplane) 
G 3.5 15.1 820 6.5 780 10.89 
LPW 4 9 700-900 10 860 13'6-17.5 
craft (measured) 
1343 21.8 
(rated) 
SPEED 
COEFFICIENT 
kts 
(ton)lf6 
71.2 
64.1 
73.5 
74.1 
65.7 
76.8 
75.5 
44'0 
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(3) Column (h), with spray affecting lift and drag, shows 
good overall agreement except for the calculated power, with a 
velocity a little lower than achieved by the model. Since it would 
be expected that the model would achieve higher speeds than this, 
the spray effects assumed in this column may be greater than those 
that occur in practice. This tends to be confirmed by comparisons 
of lift-off velocities. 
(4) The design system, using the computer programme, when 
altered in the direction that would be expected if spray effects 
are significant, gives performance figures close to those observed 
in practice. While this tends to confirm the hypothesis regarding 
the effects of spray as well as helping to validate the design 
process these deductions have yet to be consolidated by further 
practical results. 
(5) The results in Table 12.23 cover a range in which the 
actual performance is found, and indicate a possible maximum speed, 
should the effects of spray be removed. 
Since the LPW, wheel 1.75,¢ =goo was found to have superior 
all round performance in the testing tank tests (see section 10.6 
above), a set of such wheels (No.l7) was constructed for the model, 
with the same number of blades and span as the designed FB,¢ = 60° 
wheels above (No.3). With their small,¢= goo toes, these new 
wheels providedbetterthrust without significant loss of lift and 
gave the following results when tested on the model: 
(1) The passage from a standing start through to lift-off 
was achieved effortlessly with no evidence of wheel bowsplash. 
(2) Steerage was better than with wheels No.3. 
(3) Acceleration was relatively rapid so that 8.63 m/s was 
achieved over the measured distance with the craft exhibiting 
lateral oscillations (discussed in section 12.6.3) and apparently 
still accelerating. 
(4) Plates behind the rear wheels stopped longitudinal 
oscillations without any noticeable effect on the ability of the 
craft to traverse its hull transition zone. 
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At the time of writing these wheels were the best performers 
according to all the criteria for assessing them, in section 12.7 
above. 
The objectives of the computer aided design of the LPW's were 
therefore largely met. This process produced flat-bladed wheels 
which enabled the model to perform well, providing a reference set 
of results which showed up the differences between the predicted 
and actual performance figures. The fact that the performance was 
improved upon by using curved-bladed LPW's, shown to be superior in 
tank tests, tended to confirm the validity of the present picture 
of craft operation and wheel performance. As a result of these 
tests the design process has been given its first evaluation, and 
while it is clear that there are questions yet to be answered and 
improvements to be made, it seems to be on the path to becoming a 
valid predictor of the LPW craft performance. 
12.9 PERFORMANCE COMPARED WITH CONVENTIONAL CRAFT 
The fundamental question posed by this project (section 3.6): 
"How well can the LPW craft be made to run across the surface of 
the water on its wheels?" may be given a first tentative answer on 
the basis of the model performance to date. Since, at this stage, 
the model capabilities with appropriately designed wheels have not 
been thoroughly explored this will inevitably make it a conservative 
answer. 
Comparison of the performance figures of small model craft 
with those of full-sized craft often prove misleading, so a survey 
of performance figures of model power boats with similar engine 
capacities to that of the LPW craft was made for the purposes of a 
more realistic comparison. It should be noted that these small 
craft are run by enthusiasts who have spent much of their spare time 
perfecting their boats so that the figures given would be close to 
optimum values for the boat types assessed. 
The results of this survey are given in Table 12.24 and 
plotted on a commonly used plot in Fig.l2.25. In this figure (12.25) 
the vertical scale represents an overall hydrodynamic "efficiency", 
relating the power required to propel a specified all-up weight at 
a stated speed; the lower end of the scale is more "efficient", 
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using less power. As can be seen the model boat results, while 
showing that the craft are fast for their weight, indicate that 
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they are "inefficient" compared with their full-sized counterparts. 
The model LPW craft results to date are not as good as the perform-
ance figures of these models. The performance figures as calculated 
for Table 12.23 for the LPW craft under various conditions of spray 
drag have been plotted on this figure where it can be seen that 
some of these are close to the model's present performance while 
others compare well with the performance figures of the model boats. 
The latter, however, neglect spray effects, though they were made at 
the observed wheel revolutions of 25 rps. While alterations to the 
gear ratio, spray effects, LPW blade span and angle may improve per-
formance, the capabilities of the present model would be expected to 
lie somewhere between the performance to date and the best predicted 
performance values, (f) and (b) in Fig.l2.25 and Table 12.23. 
From this it may be said that while the model LPW craft has 
shown itself capable of considerable speed over a water surface, it 
has yet to perform as well as model planing boats of similar weights 
and engine capacities. It could be anticipated that results near 
the predicted performance might be achieved with the sort of enthu-
siastic effort afforded by model makers. 
On the other hand, the land performance of the LPW craft has 
always been better than that of model power boats, and it is worth 
noting that even with this present measured water speed of 8.63 m/s 
the model LPW craft exceeds the water speed capabilities of all full-
sized amphibious vehicles in production other than the hovercraft. 
12.10 CONCLUSION 
This chapter has described work which not only puts experiment-
al and theoretical results on a realistic footing but also covers 
experience that would be invaluable if the LPW was to be put to 
practical use in whatever context. While at the time of writing the 
model LPW craft water performance is only fairby comparison with 
other water craft its size, its present performance combined with its 
amphibious capability makes it unusually fast on the water for any 
amphibious vehicle. 
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CHAPTER 13 
CONSIDERATIONS IN THE DESIGN OF A PROPOSED FULL-SIZED CRAFT 
13.1 INTRODUCTION 
The project this far has produced a large data source, has 
derived an analytical model and has provided experience from the 
series of model prototype tests. The analytical description of 
LPW forces has been adjusted with coefficients derived from the 
tank test results and it has been checked against the prototype 
model tests. From this quantity of information it is possible to 
attempt the design of a full-sized prototype LPW craft. This 
chapter examines the design considerations for such a craft, drawing 
upon all aspects of the project's findings, then proceeds to work 
through the design calculations for a small man-carrying craft. 
Since it has been found useful in practice to use the computer 
to perform the necessarily iterative calculations required to refine 
the governing dimensions of the craft the programme used is described 
and its limitations noted. While the predicted performance of this 
craft can only be given within broad limits at this stage it allows 
some comparison with the performances of other water craft and so 
permits an answer, if at this stage a tentative one, to the fundamen-
tal question of how well a man-carrying LPW craft may work on water. 
13.2 GENERAL FEATURES OF LPW CRAFT OPERATION 
The operation of the LPW craft is not straightforward. It 
involves trade-offs and balances: it requires weight for speed, it 
reduces drag at the expense of deeper immersion, it trades off low 
lift-off speed for maximum speed, and so on. This section examines 
these effects and why they occur in relation, specifically, to the 
design of the LPW craft. 
13.2.1 The Craft Hull 
It is necessary that the LPW craft have some form of buoyant 
hull to float it at low speeds. Considering first this hull it is 
apparent that like a boat hull it gains its support from two sources, 
firstly its buoyancy and secondly any lift generated from its motion 
through the water. For a planing hull form the buoyancy forces are 
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predominant at Froude Numbers, based on waterline length, below 
Fr ~ 0.75 after which the dynamic forces provide an increasingly 
significant proportion of the craft support. (1) Drag forces 
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arise from the wavemaking resistance, skin friction, and induced 
drag associated with the dynamic lift. Wave drag is a maximum at 
around Fr = 0.68, then falls away to be replaced by the induced 
drag, which depends upon the hull trim, and the skin friction 
which depends upon the wetted area and the square of the speed. (1) 
At high speeds the skin friction is the predominant drag force with 
air drag increasing in importance at very high speeds. 
13.2.2 The Hull With LPW's 
With the addition of LPW's to the hull further factors need 
to be considered. At low speeds the LPW's create their own wakes 
which complicate the wavetrain of the hull and hence the wavedrag 
of the craft. At higher speeds, before craft lift-off, they may 
make considerable spray which, as has been seen may contribute to 
the support of the hull and increase its drag (section 12.8 and 
Table 12.23). For the craft to accelerate to lift-off speeds the 
thrust force of the deeply immersed LPW's must overcome the hull 
drag, as well as overcoming any additional spray drag and wavedrag 
they create. 
13.2.3 The Thrust to Lift Ratio 
At any condition of craft speed the immersion of the LPW's 
is governed by the combined lift forces, namely hull buoyancy forces, 
hull dynamic lift forces, wheel lift forces and any spray or aero-
dynamic lift contributions present. With the immersion depth 
fixed the immersion angle of the LPW's, 8, is also fixed and this 
determines the relationship between the lift and thrust forces 
generated by the LPW's as given by the expression (4.31): 
T 
L 
tan (cp-8) (4.31), (13.1) 
where T thrust force (of four wheels) 
1. Barnaby Art.l99 
L lift force (of four wheels) 
cp blade angle (Fig.l.2) 
8 immersion angle (Fig.4.2) 
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It should be noted that while this expression was derived for the 
lift and thrust of a single LPW it applies just as well to the set 
of four LPW's on a craft, if LandT are taken as the combined 
lift and thrust forces for all four wheels, and 8 (the immersion 
angle), is assumed to be the same for all four wheels. 
Before lift-off the thrust, T, is equal to the craft drag 
plus the acceleration force, while the lift, L, is only the LPWs' 
contribution to the craft support, not yet equalling the craft 
weight. 
After lift-off the lift force, L, may be considered, in a 
first approximation, to be constant and equal to the weight of the 
craft. (In fact spray and aerodynamic lift may contribute to the 
craft support as well but these unknown contributions will be 
neglected at this stage.) This being the case the immersion angle, 
8, is governed only by the blade angle ¢ and the thrust force T in 
the expression (13.1) above. If the blade angle is kept constant, 
as it has been on all LPW's so far, then the immersion by (13.1) 
is inversely proportional to the thrust force alone, which is equal 
to the craft drag and acceleration forces. So as the thrust in-
creases the craft rises, and as the thrust decreases the craft is 
lowered. 
The mechanism which controls this relationship between the 
thrust force, T, and the immersion is not immediately apparent in 
the expression (13.1) but is as follows: if the craft, moving at 
a steady speed, experiences an increase in the drag force it slows 
down and as long as the wheels continue to rotate at the same 
speed the velocity ratio of the whe.els :decreases. The LPW' s 
therefore experience greater slip or more "skidding" than before 
and by the basic force equation (expressions (4.5 and (4.11)), 
F =ill 6 V, increase the acceleration of the water they act upon. 
This increases both lift and thrust forces so that the thrust 
balances the increased drag and the lift causes the craft to rise 
further in the water. (This mechanism can be seen more clearly by 
working through the lift and thrust expressions (4.23) and (4.25)). 
A decrease in craft drag similarly causes the craft to sink further 
into the water. 
This interaction between lift, thrust and immersion for the 
flying LPW craft is a fundamental feature of its operation. 
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13.2.4 Scaling With the Thrust to Lift Ratio 
If, in expression (13.1) for the thrust to lift ratio, the 
thrust is replaced by the craft drag force at a steady speed, and 
the lift is replaced by the craft weight force the expression may 
be rewritten: 
T 
L 
Drag 
Weight force tan (cp-8) (13.2) 
In scaling the LPW craft at a given fixed speed, the drag force 
varies approximately in proportion to the square of the scaling 
factor, while the weight force varies as the cube of the scaling 
factor. Thus for an increase in craft scale, with the expected 
increase in drag and weight, the thrust to lift ratio will decrease 
in inverse proportion to the scaling factor. This means that for 
no alteration of blade angle, or speed with scaling, the larger 
craft will have a larger immersion angle, 8, and will therefore 
not be lifted, proportionally, as high out of the water as its 
smaller counterpart. 
Geometrical similarity of immersion conditions may however 
be obtained if the ~ ratio can be kept constant with scaling. This 
is achieved if the thrust (or drag) is adjusted by changing the 
craft speed. Since craft drag is proportional to the square of 
its speed the appropriate change in craft speed will be by the 
square root of the scaling factor. 
This is a not unexpected Froude type of relationship for 
scaling craft size and speed. Thus, for example, a scaled up LPW 
craft with a scaling factor of 5 will weigh 125 times as much as 
the original and will operate at immersion conditions geometrically 
similar to those of the original at a velocity /5 times as great as 
the original craft velocity. 
13.2.5 The Theoretical Speed Limit 
The change in immersion with the change in the LPW thrust as 
noted above in section 13.2.3 has obvious limits. The drag or 
thrust increase which causes the craft to rise in the water can go 
only so far before the craft lifts right out of the water. Immersion 
at this point is zero and so 8 = 0 also. This limit therefore occurs 
when: 
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T 
L 
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tan ¢ (13.3) 
under which conditions the wheels must be turning infinitely fast 
to maintain the lift and thrust forces; the velocity ratio is there-
fore zero at this point as well. As long as the blade angle, ¢, is 
less than 90° this expression allows the calculation of a theoretical 
maximum velocity from a drag equation such as: 
Craft Drag ! p (v ) 2 A C + Spray Drag 2 a max D (13.4) 
where pa density of air 
v maximum velocity of craft 
max 
A craft cross-sectional area 
CD craft air drag coefficient. 
The maximum velocity, V , will be determined when the craft drag 
max 
is equal to the thrust, T, in expression (13.3). (The lift, L, in 
expression (13.3), of course, will be the craft weight force, as 
the craft is assumed to be in the flying condition at this limiting 
velocity). 
This maximum velocity limit may be increased by three methods: 
(1) A decrease in craft spray drag or cross-sectional 
area allows the craft to reach a higher speed before the limiting 
thrust is reached. 
(2) An increase in the weight of the craft increases L · 
in expression (13.3) so that T may increase in proportion to main-
tain equality; thus a heavier craft could go faster. 
(3) The blade angle, ¢, may be increased in expression 
(13.3) so that for a given craft weight the thrust and hence the 
craft drag may be increased allowing a higher maximum velocity in 
expression (13.4). 
The theoretical maximum speed for a given craft is subject 
to some adjustment when a practical craft is considered. A real 
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craft will not be able to reach the zero immersion required by 
relation (13.3) as it will only rise out of the water to a point 
where the wheels, spinning faster with decreasing immersion, 
absorb all the power from the motor. This will put a lower 
practical limit on the speed than the theoretical maximum. Another 
adjustment is required when it is noted that in the real case ex-
pression (13.1) contains a number of the variable functions of the 
coefficient equations. Rewriting (13.1) to incorporate the coeffi-
cient equations gives the following form: 
T 
L CS tan (cp-8) (13. 5) 
where 4.28 
0.83 
= 
5.lg 
BFlT cplT 
BFlL cplL 
cp2T 
cp2L 
BFlT cplT 
BFlL cplL 
before cavity intrusion 
after cavity intrusion 
before cavity intrusion 
at immersions ~ 0.041D 
(Notation may be found in Table g.46 for the variable functions 
shown here . ) 
Expression (13.3) then becomes: 
T 
L 
(13. 6) 
which defines the conditions for maximum velocity when the force 
coefficients are taken into account. 
One further point regarding this maximum craft speed is that 
if the blade angle, cp, is greater than goo in (13.1) or (13.5) a 
velocity limit will not be reached in this way. As the thrust in 
(13.1) is increased the angle S = (cp-8) approaches goo. If cp is 
greater than goo, 8 increases but approaches a limiting value greater 
than zero. In practical terms this would mean that the LPW craft 
hull would rise as speed increased, to a fixed height above the 
water surface where it would remain with the LPW's virtually locked 
into the water surface at this limiting immersion angle 8. While 
this seems to have an advantage over the blades which would lift 
the craft right out of the water it appears at present that LPW's 
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must have blade angles less than goo to lift off and run at lower 
speeds. This property of blades with angles greater than goo may 
however be incorporated into LPW's with curved blades to provide 
a practical solution to the speed limitation, and immersion changes 
with changes in drag. 
13.2.6 The Craft Slowing Down 
If the drag of a craft in steady motion after lift-off is 
suddenly decreased, the craft increases its speed, the velocity 
ratio Vo -=of the wheels increases, and it sinks further into the 
Vt 
water by expression (13.1). This would be the craft's response for 
example to a tailwind gust. A decrease in the rotational speed of 
. . Vo 
the LPW's would cause a similar increase in veloclty ratlo Vt' and 
consequently a similar lowering of the craft, or increase in 
immersion. It is apparent then, that if the craft drag was markedly 
reduced, the velocity suddenly increased by running down a wave for 
example, or the wheels suddenly slowed, the immersion could increase 
so much that the hull would be let down on to the water surface. 
This might and might not be a useful response. On the one hand it 
could be likened to the "sea crash" of the hydrofoil craft (1) where 
the hull is suddenly and sometimes dangerously immersed at flying 
speeds above lift-off, and on the other hand it could be a useful 
way to bring a speeding craft to a relatively sudden stop. 
It can be seen however from expression (13.1) that for small 
blade angles, ¢, thrust may be allowed to become negative while the 
lift remains positive and the immersion angle, 8, stays usefully 
small, still holding the craft aloft. It would seem possible, there-
fore, that the blade angle might be arranged so that this "sea crash" 
behaviour could be avoided, and the craft allowed to slow down even 
with negative thrust from the wheels, but still with sufficient 
positive lift to hold it up until relatively low speeds were reached. 
Possibly curved blades or variable angle blades could be used to 
accomplish such a sedate, rather than sudden, halt if this "sea 
crash" behaviour proved to be a problem. 
13.2.7 The Thrust to Lift Ratio at Lift-Off 
It was seen in Chapter 12 that the model LPW craft achieved 
lift-off with the wheels in the planing mode. This being the case, 
there is no need to resort to descriptions of the wheel forces that 
l. HOok, Kermode "Hydrofoils" Section 17, P.4g 
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apply to its displacement and transition operation, as the impulse 
theory, and hence the expression (13.1), are all that is relevant 
at craft lift-off speeds. 
At lift-off the forward speed may be such that the craft hull 
is in its displacement, transition or planing mode and this depends 
upon the conditions of drag and the blades employed on the LPW's. 
Whatever the hull operation condition, as the lift force generated 
by the LPW's increases they take more of the weight of the craft 
and therefore their immersion is governed increasingly by their own 
contribution to the craft support, over the hull buoyancy and planing 
forces. Lift-off may occur when the lift force from the LPW's is 
equal to the craft weight though this can only happen if the immer-
sion of the wheels, at which the lift force is generated, is small 
enough for the hull to be clear of the water. As noted above, the 
immersion of the LPW's of the flying craft depends upon craft thrust 
and consequently its drag. The ironic implication of this is that, 
for LPW's with high blade angles at least, a craft requires drag 
(or acceleration) in order to decrease its immersion to a point where 
it can lift clear of the water. A craft with smaller blade angles 
is not so confined so that, for example, LPW's with a blade angle 
of ¢ = 60° might achieve lift-off with an equal immersion angle of 
e = 60° with no thrust at all, as shown by expression (13.1): if 
this immersion (of~= 0.25) was sufficient to lift the craft clear 
of the water no thrust or drag would be necessary. Such low blade 
angles, however, run into the other side of the problem. In their 
providing small thrust forces when deeply immersed they may be 
unable to keep the craft moving forward at the required speeds for 
lift-off and they would be in danger of spinning too fast to avoid 
developing bowsplash, or of becoming immersed to an extent where 
their thrust becomes negative (see section 4.10.2). It is apparent 
from this, that a high drag, as might be found at a hull transition 
speed, may be an aid to lift-off as long as the craft can reach the 
required speeds without bowsplash and cavity intrusion absorbing 
too much of the craft power. 
It is possible with light, high powered craft that lift-off 
may be achieved at relatively low forward speeds if the LPW's can 
be made to generate sufficiently large forces at small speeds of 
advance, in spite of the presence of cavity intrusion and bowsplash. 
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This, however, is unlikely to occur in practice as the high hull 
drag at hull transition provides a convenient boost for lift-off. 
13.2.8 LPW's With Variable Blade Angles 
It should be evident from the foregoing sections that the 
blade angle has a controlling influence on much of the LPW craft 
operation, so that a good case might be made for LPW's with blades 
whose blade angle could be varied while the craft is in motion. 
The blade angle might be changed in the following ways. At low 
speeds, before lift-off speeds were reached, the angle would be 
set at goo, or greater, to provide high thrust and a high velocity 
ratio thus avoiding bowsplash and cavity intrusion. Once lift-off 
speed was reached an increase in wheel revolutions with a reduction 
in blade angle to ¢ = 60° would maintain thrust while lifting the 
craft clear to accelerate away to higher speeds. Once high speeds 
were reached the spray and air drag would be such that the high 
thrust would lift the craft too high and out of the water with 
these low blade angles causing the wheels to lose traction. At 
this point the blade angle could be increased again, reducing the 
lift and allowing adequate immersion for traction, thus avoiding 
the speed limitation for smaller blade angles. Angles greater than 
goo might be used to hold the craft down at a selected level above 
the water surface (see above in section 13.2.5) thus counteracting 
aerodynamic lift forces and preventing bouncing. 
Once it was required to slow down, the blade angle could be 
reduced again to 60° or 45° to maintain the craft in a flying 
attitude while the wheels slowed allowing the craft to lose speed 
and sink back on to the surface when conditions were right. Alterna-
tively if a sudden stop from the flying condition was required the 
wheels could be slowed with the blade angles still high, and the hull 
would lower on to the water at speed bringing the craft to a relatively 
rapid halt. 
At this stage of LPW development it is difficult to envisage 
a fixed blade shape which could combine all these capabilities - but 
it is also difficult to envisage a simple sound, reliable mechanism 
that would alter the blade angles for 12 blades on 4 wheels as 
required. While a variable blade angle seems so advantageous it is 
probable that enough of the required properties may be combined in a 
fixed, shaped blade to enable a practical craft to perform well. 
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l3.2,g Blade Angle For a Fixed Flat-Bladed LPW 
For a craft with fixed flat bladed LPW's the selection of the 
blade angle requires a choice between contradictory requirements. 
On the one hand the blade angle sets the maximum craft speed by ex-
pression (13.3) and this indicates that the larger the blade angle 
the greater the craft maximum speed. On the other hand large blade 
angles mean greater immersions at lower speeds and may not lift the 
craft clear of the water at the maximum speeds to which the wheels 
can propel the hull. (This was the case for the model craft with 
wheels numbered 12, 20 and 21 in Table 12.22.) While these contra-
dictory requirements may be met to some extent by adjusting other 
variables such as blade span, and compromising the high speed limit 
the difficulties are better overcome by using shaped blades. (Wheels 
Number 3 in Table 12.22 were an example of this compromise in the 
case of the model LPW craft.) Nevertheless blade angles of¢= 60° 
and ¢ = 75° have been found to be the most satisfactory for flat-
bladed wheels on the model craft. 
13.2.10 Shaped Blades 
Shaped blades can be arranged to avoid some of the difficulties 
encountered with flat blades. While the theory does not apply 
directly to such blades, deductions can be made on the basis of the 
experimental results in Chapter 10 which indicated ways they could be 
treated like flat blades. The possibilities for shaped and hybrid 
blades are great and while a number of innovative ideas have been 
suggested and tried the simplest and most promising one only will be 
discussed as an example. The probable functioning of the wheel 
1.75,¢ =goo in the data (section 10.6 or Appendix 4 and wheel No.l7 
in the model tests, Table 12.22 and Fig.l2.2l) is as follows: 
It is clear that the speed limit of flat-bladed wheels with 
¢ = 60° would be increased if they had toes set at goo as wheel 
1.75,¢ =goo has, since at high speeds the immersion would decrease 
until only the ¢ = goo toes were being immersed. In this condition 
they would generate relatively little lift so that immersion would 
decrease no further while traction could remain effective. These 
wheels would then have a higher speed limit than their parent wheels 
with flat blades at¢= 60°. A limit to this decrease in immersion 
could possibly be set if the toes were set at angles greater than 
goo so that by (13.1) the immersion angle, 8, could not decrease 
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below 8 = (¢-90°). In this case they would tend to hold the craft 
down as speed increased, effectively preventing any theoretical 
speed limit. 
The data for wheel 1.75,¢ = 90° (Figs.l0.7, 8 and 9) indicate 
that this wheel has considerably more thrust than the flat bladed 
wheels, especially those with low blade angles. This suggests it 
would be specially suitable for propelling the craft to lift-off 
speed while maintaining a high velocity ratio and therefore prevent-
ing bowsplash, and cavity intrusion. The high angle at its tip stops 
it from producing negative thrust at deep immersions (see section 
4.10.2) and its high lift, almost as great as for FB,¢ = 60° blades, 
allows it to lift the hull clear at relatively low speeds, just as 
high lift wheels would. Examination of Fig.l0.9 indicates that as 
wheel revolutions are decreased with the wheel in the planing mode, 
lift becomes zero at the same time, or before the thrust. This 
suggests that a wheel with these blades would have difficulty in 
allowing a craft to slow gracefully from high speed without dropping 
the hull on to the water surface. 
Shaped blades have yet to be well understood but it seems 
that for the above reasons, as well as the fact that the model craft 
performed well with them, these wheels would be a better choice for 
a full-sized craft design than flat-bladed wheels. There is no 
reason why fixed-bladed wheels with even better characteristics may 
be developed if required. 
13.2.11 Choice of Velocity Ratio for Cruising Operation 
It seems possible to arrange the velocity ratio to be at 
almost any value required betwen 0 and 1, depending upon what is 
considered to be the optimum value for a cruising LPW craft. 
It can be seen in Fig.9.3 showing the results for the standard 
wheel that at low wheel revolutions the lift and thrust forces may 
Vo 
continue to exist even at velocity ratios approaching-- = 1. For 
Vt 
example in Fig.9.3 at 3 rps the velocity ratio is 1.03, lift is 
positive for most immersions and while thrust has become negative 
at this velocity ratio evidence from tests at higher speeds (Appendix 
4, wheel 6,¢ = 60, 5 m/s) suggests it may remain positive to velocity 
ratios as high as 0.92 for this blade angle. 
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At the other extreme the foregoing discussion of speed 
limits (section 13.2.5) has shown that as the speed increases 
towards the theoretical maximum the wheel revolutions increase 
until the velocity ratio approaches zero. 
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Thus by varying the LPW dimensions and craft speed a condi-
tion may be found between the extremes of velocity ratio where the 
LPW operates most efficiently. A number of factors may be considered 
in relation to choosing this velocity ratio: 
(1) Section 4.14.3, while indicating that the velocity ratio 
should be as high as possible for theoretically high efficiencies, 
Vo 
has noted why a practical limit below = 1 would be expected. 
vt 
(2) The experimental work, while generally showing propulsive 
v 
efficiencies to peak around velocity ratios near_£= 0.6 for 6-bladed 
Vt 
wheels, was not really able to give reliable results at high velocity 
ratios so that it might be possible to reach such high velocity ratios 
as 0.92 in practical craft at high speeds. 
(3) It has been noted (section 4.11.3) that the wheels 
should operate at a velocity ratio greater than that at which cavity 
intrusion or bowsplash occur, though as near to these as possible. 
(4) While a certain velocity ratio may be chosen, the forces 
generated at the speeds involved must satisfy the thrust to lift 
ratio expression (13.1) and maintain the craft at a suitable height 
above the water surface. 
These may be used, then, as the criteria for choosing a craft 
velocity ratio for optimum operating conditions, though this does 
not prevent the craft from operating at other velocity ratios at the 
extremes of its capabilities. 
13.2.12 Span, Chord and the Number of Blades 
At a velocity ratio before cavity intrusion and bowsplash 
occurred, where the cruising, full-sized craft would be expected to 
operate, the mass supply, governing the generation of the lift and 
thrust forces, and the power per unit force, is controlled by blade 
chord, number of blades and blade span (see sections 4 .11. 3 and 
4.11.4). Since changes in span were seen to involve few other 
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complications and they behaved largely according to the impulse 
theory they will be discussed first. The effects of blade chord 
and the number of blades will be similar, though they involve other 
influences as well. 
Although changes in wheel span cannot change any of the 
variables in the thrust to lift ratio relation (13.1), they can 
effect the wheel revolutions and hence the velocity ratio required 
to generate given lift and thrust forces. The thrust to overcome 
a known craft drag at a given velocity before cavity intrusion is 
given by a form of the thrust equation derived from expression 
(4.23) and (9.9): 
T 
v 7T2 
sin(¢-8) (sin¢ - 0 sin(¢-8)) 8 pc
2 s B Dn 2 CT 
vt 
where T thrust force 
¢ blade angle 
8 immersion angle 
v speed of advance 
0 
vt blade tip speed 7T n D 
p water density 
c blade chord 
s blade span 
B number of blades 
D wheel diameter 
n wheel revolutions per second 
c a thrust force coefficient before cavity T intrusion (Table 9. 46) 
(13. 7) 
(It should be noted that CT is a function of n, the wheel revolutions.) 
For all other factors remaining constant, changes in Vt and n (which 
are related)may be affected by changes in c, B or s, all of which 
affect the mass supply to the rotor (section 4.5). A change in blade 
span, s, therefore, can have a small effect on the velocity ratio 
or wheel revolutions at a given steady speed of advance. This effect 
is only small because in expression (13.7) the span, s, is to the 
power one while the wheel revolutions, is cubed. (n is incorporated 
in Vt and CT.) This small change in velocity ratio with span may 
result in similar small changes in the speed of advance where the 
optimum velocity ratio defines cruising speed. 
574. 13.2.14 
Variation in blade span, in practice, has only a small effect 
on craft power; an increase in span reduces the craft power as out-
lined in section 4.11.4, but in the real situation the force 
coefficients (such as CT in expression (13.7) above) tend to reduce 
this advantage to less than would be expected from the theory. (See 
Fig.l3.8(F) .) 
Changes in span, however, have useful consequences at lift-
off velocities. Bowsplash and cavity intrusion appear to inhibit 
lift-off and these effects may be avoided if the number of blades is 
small enough or the velocity ratio large enough. With an appropriat-
ely large blade span a high velocity ratio may be maintained thus 
avoiding bowsplash while the LPW's still supply sufficient lift and 
thrust for lift-off. This high velocity ratio might also be enhanced 
by blades of large chord which could have their greatest effect just 
before lift-off when the LPW's were deeply immersed. (See Fig. 
13.8(C) .) 
The effects of the number of blades on propulsive efficiency 
were discussed in section 9.4.7 and while this suggested that 12 or 
15 blades seemed to give the best peak efficiencies the model LPW 
craft operated with 6 and 12 blades with the 12 bladed wheels 
possibly performing better than those with 6 blades. Apart from 
these factors there is an upper limit to the number of blades which 
is dictated by the onset of cavity intrusion. For a craft moving 
at a steady speed, an increase in the number of blades causes an 
increase in the velocity ratio for the generation of the same forces. 
This would normally be an advantage as a higher velocity ratio 
allows a higher efficiency. As was the case for an increase in span, 
however, an increase in the number of blades produces only a 
relatively small increase in the velocity ratio because in expression 
(13.7) n is cubed while B is only to the first power. The limit to 
the number of blades arises, then, because the velocity ratio at 
which cavity intrusion occurs increases in direct proportion to the 
increase in the number of blades while the velocity ratio itself is 
only decreased by the cube root of the increase in the number of 
blades for the production of the same forces. Thus increases in the 
number of blades soon bring the operating conditions to a velocity 
ratio where cavity intrusion and bowsplash occur. This is to be 
avoided and a balance must be met between the number of blades and 
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the blade span so that cavity intrusion and bowsplash should not 
be encountered at the conditions of lowest velocity ratio, such 
as lift-off. 
13.2.13 Large Spans and High Velocity Ratios 
There remains some doubt as to the validity of the experiment-
al efficiency results at high velocity ratios, because the small 
forces under these conditions introduced large experimental errors 
(see section 9.2.12). While this doubt remains it is worth 
examining the potential of operation at high velocity ratios. 
The theory of sections 4.11.1 and 4.12 indicate that the 
power per unit force decreases with an increase in span and this 
suggests that span should be as large as possible. This requires 
the LPW's to become more like rollers than wheels. Such rollers 
would have to operate at large velocity ratios to achieve the pro-
mised power savings, and there is even the theoretical possibility 
of them operating with velocity ratios greater than one. The force 
equations for lift and thrust ((4.23) and (4.25)) both allow the 
forces to be positive with velocity ratios over unity, and by a 
simplistic deduction from the theory of efficiency in section 4.14 
and Fig.l.9, efficiencies may also be greater than one. While it 
is clear that such effects as noted in section 4.14.3, which dis-
cussed the limits to efficiency, would prevent this, it is not yet 
known whether large rollers for LPW's perhaps with many blades 
would be able to achieve high propulsive efficiencies at high 
velocity ratios or whether their results would simply confirm those 
of the present uncertain LPW testing tank data, that peak efficien-
cies may be found at velocity ratios between 0.6 and 0.8. 
13.2.14 Selection of Wheel Diameter 
There are two ways a change in wheel diameter might be 
conceived: 
(1) Change in diameter with the blade span and chord 
remaining unchanged. 
(2) Change in diameter with proportional changes in blade 
dimensions: this gives a geometrically similar wheel 
to the original. 
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For a given craft travelling at a fixed speed neither type 
of diameter change can effect the thrust to lift ratio relationship 
(13.1). The only effect for such a craft in respect of this ratio 
is that different diameter wheels, while having the same immersion 
angle, e, and immersion ratio, ~ ' will dictate a different absolute 
immersion, d (Fig.4.5). This determines the height the flying craft 
would travel above the water surface and therefore may have some 
controlling effect on lift-off conditions, where larger wheels would 
be expected to hold the craft higher at lift-off and be less suscepti-
ble to immersions that would cause them to produce negative thrust 
with negative angle S (see section 4.10.2). 
Both types of diameter change, however, cause changes in the 
wheel revolutions required to produce the forces, as governed by 
the force equations like (13.7). The first type of diameter change 
maintains the velocity ratio: blade tip speed, Vt remains constant 
but since the diameter has changed in the relation 
V = 'IT n D (13. 8) 
t 
the wheel revolutions, n, change in compensation. There are three 
sources of craft power variation for this sort of diameter change: 
(l) If the diameter is small there are scale effects with 
diameter change as discussed in section 9.4.4, and below. 
(2) If the velocity ratio is altered in the direction of 
cavity intrusion less power is required since more of the incoming 
mass is being acted upon. (See section 4.11.3 and Fig.l3.8(E).) 
(3) As well as (2) above there may be a practical optimum 
velocity ratio at which the LPW is most efficient. If a diameter 
change altered the velocity ratio in the direction of this optimum 
an improvement in power consumption would be expected. 
The second type of diameter change changes the velocity 
ratio as well as the wheel revolutions, but only because of the 
changes in blade span and chord also. Variation in span and chord 
have already been discussed above (section 13.2.12) and the effects 
are little different in this case, being governed by the force 
equations such as (13.7). The alteration of velocity ratio caused 
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by this sort of diameter change would only be advantageous if it 
allowed the LPW to operate at a velocity ratio nearer its optimum 
for the chosen speed of advance, as noted in (2) and (3) above. 
It was found in the tank test data that while there was the 
expected variation of LPW forces with different sizes of geometri-
cally similar wheels, the efficiency and therefore power consumption 
improved with increase in wheel size. (See section 9. 4. 4 ,. Table 
9.46(B) and Fig.9.47(G) .) It appeared from the data of Volpich and 
Bridge that this scale effect would not be found in wheels greater 
than 0.5 m in diameter while for wheels smaller than this, like 
those of the model, it had to be taken into account. Normally the 
wheels of a full-sized craft would be beyond this scale effect so 
that it need not be considered in such cases. 
13.3 DESIGN UP TO LIFT-OFF 
There are two major areas of craft operation to be considered 
in LPW craft design: 
(l) Operation before and up to lift-off when floatation, 
stability and thrust to overcome hull drag, are of most importance. 
(2) Operation after lift-off when all the elements of the 
flying condition interact. 
The critical conditions for which the LPW's must be designed 
are those of lift-off and maximum speed, between which extremes the 
most economical or efficient cruise speed may be found. 
The first area, operation before, and up to lift-off is 
considered in this section. Since this is of secondary interest 
compared with flying operation, many of the design points are 
derived directly from experience with the successful forms of the 
model LPW craft discussed in Chapter 12. These design considerations 
fall readily into three areas: 
(l) Design of the LPW's for thrust and lift up to lift-off. 
(2) Craft stability during hull borne operation. 
(3) Hull design to suit the special needs of the craft. 
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13.3.1 LPW Design Before Lift-Off 
LPW design has to be undertaken keeping in mind the fact 
that unless a variable blade angle is used, the LPW must be able 
to operate under all craft conditions: not only must it be able 
to hold the craft aloft during flying operation but it must also 
be able to provide traction up to lift-off speeds, and hoist the 
hull clear of the water at lift-off speeds. The requirements of 
the LPW for each of these areas of operation need to be discussed; 
those before lift-off being noted here and the others in subsequent 
sections. 
Before lift-off the main function of the LPW's is to provide 
sufficient thrust to reach speeds where lift-off can be achieved. 
The emphasis, then, is on traction to overcome hull drag and lift 
is of minor importance. The following points may be made. 
(l) LPW's which caused the model to submerge in its dis-
placement-displacement mode should be avoided (see section 12.6.3). 
(2) At low speeds before lift has developed significantly 
LPW's will be deeply immersed. 
(3) All LPW's tested provided high thrusts at deep immer-
sions in their displacement mode of operation before transition 
speeds were reached. LPW's with blades at any angle will therefore 
propel the craft up to these speeds, and since hull drag is usually 
still small most wheels readily traverse this zone to begin planing 
operation. 
(4) Once the wheels are operating in their planing mode 
their action can be described using the impulse theory: 
(5) By the impulse theory for flat blades the requirements 
of deep immersion and high thrust are in opposition. The factor 
sin(¢-8) in the thrust equation (expression (4.23)) tends towards 
zero as the immersion, and the immersion angle, 8, increase. (see 
section 4.10.2). Deep immersion, then, means low thrust, and small 
immersion high thrust. 
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(6) Because of this, it may be necessary to employ special 
methods to provide low speed traction. These were discussed in 
section 12.6.2 in regard to the model but may be listed: 
(a) Plates or foils to artificially lower the 
surface of the incoming flow, to decrease 
e at blade entry. 
(b) Variable blade angle, ¢. 
(c) High blade angle, ¢ (though this has disad-
vantages at lift-off). 
(d) Concave blades like those of wheel 1.75,¢ = 90°. 
(e) Hybrid blades like No.lO in Table 12.22, or 
Fig.l3.ll. 
(7) With wheels in the planing mode bowsplash and cavity 
intrusion can develop, with attendant d;iffiGult.ie$. 
(8) As craft speed increases and the hull begins to lift 
out as a result of its planing forces and the LPW lift, the thrust 
force will increase, tending to compensate for the higher drag at 
higher speeds. 
(9) Thrust and lift both increase with increase in craft 
speed, as long as velocity ratio and immersion remain unchanged. 
In practice this factor in conjunction with (8) above means that 
there is a 'hump' speed where the craft drag is large in proportion 
to the available craft thrust; if thrust is insufficient the craft 
will not get past the hump speed. (See Fig.l3.9(B) later.) 
Assuming the craft has negotiated this difficult stage the 
requirements of the LPW's at lift-off may be examined. 
13.3.2 LPW Design at Lift-Off 
Several points may be made: 
(l) Cavity intrusion should preferably not be occurring 
at lift-off, and calculations of wheel dimensions should be based 
on this. 
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(2) The immersion angle, 8, of the wheels where the hull 
just clears the water needs to be known. 
(3) The conditions of hull drag, craft weight, and wheel 
diameter should be such that the thrust to lift ratio (expression 
(13.5)) can be satisfied at lift-off. 
(4) While lift-off may be assumed to occur at a steady 
speed, the craft may also be assumed to be accelerating if the 
thrust force is large enough to overcome hull drag, so that the 
force required for accelerating the craft may be added to the craft 
drag in the thrust to lift expression (13.5). 
(5) Immediately after lift-off the hull drag will decrease 
dramatically. It is probable that at first thrust will remain 
constant (thus holding the craft aloft by the thrust to lift ratio, 
expression (13.1)) accelerating the craft away to higher speeds. 
A process suitable for the design of flat-bladed LPW's for 
lift-off conditions is shown in Fig.l3.l where it can be seen that 
the scheme centres around the thrust to lift ratio, and the assump-
tion of cavity intrusion just not occurring at lift-off. It allows 
iterative loops to adjust the LPW dimensions if they exceed 
practical limits. 
13.3.3 Craft Stability Up to Lift-Off 
It was found necessary for the model craft to incorporate 
a number of features to prevent instabilities in its operation 
before lift-off (see section 12.6.3). Although these were important 
on the model largely for its stability with extreme types of wheels, 
they should at first be incorporated into the full-sized craft de-
sign for safety purposes until good reasons can be found for leaving 
them out: 
(l) The position of the centre of gravity and the craft 
wheel base needs to be selected so that the craft sits evenly on 
the water at its cruising speed and cannot lift the front wheels 
from the water under maximum motor torque at any speed. There may, 
however, be some advantage in having the hull rear somewhat if it 
has difficulty in reaching lift-off once in its planing mode (see 
section 12.6.3.3 or the decrease in the hull drag at Froude Numbers 
greater than 1.2 for an increase in hull trim angle T in Fig.l3.4). 
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On the other hand, if the craft centre of gravity is too far forward 
the rear LPW's readily lift the craft stern before the front ones 
can lift the bow at low speeds and with the bow consequently deeply 
immersed it becomes difficult for high speeds to be reached. 
Finally, it should be noted that planing hulls alter their trim as 
they advance from displacement to planing type wakes and this may 
have some bearing on the placement of the craft longitudinal centre 
of gravity position. 
(2) The centre of gravity should be kept as low as possible 
to prevent the rolling on corners experienced by the model craft 
in the displacement mode (section 12.63), though a judicious choice 
of hull may help to overcome this. A limit to the steering lock may 
also be necessary to avoid this. 
(3) Buoyancy should be arranged so that craft floating trim 
is reasonable, although on the model LPW craft this seemed less 
important than having reserve buoyancy available above the waterline 
at the bow to prevent the craft nosing in, or immersing a front 
wheel on corners. The amount of excess buoyancy required is not 
clear though Fig.l3.2 shows the dimensions of the model floats which 
were and were not adequate in this respect. It should be noted that 
(A) in Fig.l3.2 while seeming inadequate was never tried with mid-
section plates (Fig.l3.3) so that its reserve buoyancy may in fact 
have been sufficient with these. Conservative design would choose 
a design based on (B) for a first full-sized craft. 
(4) Mid-section plates: the dimensions of these are 
shown in Fig.l3.3, as used on the model craft. At present little 
is known abqut the best dimensions or positions for these other 
than that they should be placed just behind the front LPW's as 
shown in Figs.l3.3, 1.3 and 12.20 to redirect any spray fountain 
generated during low speed operation. These plates also help 
during high speed operation to supply lift from the front wheel 
spray, and to redirect water from the front wheels, which would 
otherwise complicate the operation of the rear wheels. While these 
advantages are evident they also seem to present a large surface 
area that would cause spray drag at speed. 
(5) Plates behind the rear wheels never seemed necessary 
for displacement operation of the model and they even seemed to 
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prevent lift-off on some occasions by holding the craft bow down 
(see section 12.6.3.3, point (4)). It is likely however that they 
would be an extra precaution against the fountain effect (Fig.l2.17) 
should it occur in low speed operation, and they seem to be necess-
ary for high speed operation to stop the craft's bouncing motion. 
The dimensions of those used on the model are given in Fig.l3.3 
and it is felt that they could be considerably smaller than this 
and still be effective, since their influence was always strong on 
the model's behaviour. 
(6) Road vehicles used as prototype LPW craft would have 
a number of characteristics that were not present in the model craft. 
These could contribute to serious craft instabilities. The most 
notable of these are the suspension system and the presence of 
differentials in the transmission, neither of which were built in 
to the model. The effects of these systems on pre-lift-off per-
formance and stability of the LPW craft cannot readily be foreseen 
and it remains for cautious prototype tests to clarify this area. 
13.3.4 Hull Design 
The design of the model hull was originally dictated by the 
twin demands of buoyancy, and providing clearance after lift-off. 
From the model tests a number of other requirements have come to 
light though to date little effort has been made to integrate them 
into an efficient, purpose-oriented hull. These requirements are 
as follows: 
(1) The hull should be buoyant enough to float the craft, 
as well as have the reserves of buoyancy in the required places 
such as the bow. (See Fig.13.2(B).) It should have the capability 
of preventing the wheels from being readily immersed to the point 
where their thrust becomes negative. 
(2) It should be capable of being fitted into a vehicle 
chassis without the loss of its integrity as a hull. 
(3) It should be as close to flat-bottomed as possible 
(see (4) below) to allow the craft to lift it clear of the water. 
(This may not be completely necessary as there may be some advantage 
in keeping a keel or rudder in the water, this being arranged to be 
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clear of the ground on land. This alternative, however, doesn't 
have the appeal of a craft which lifts its hull completely clear 
of the water.) 
(4) The hull would probably need to be a planing design 
since the model craft experience showed that lift-off occurs in 
the craft planing mode and lift-off before these speeds is not 
expected to be the norm. A planing hull with a shallow V-bottom 
would have some stability advantages in the planing-planing mode 
of operation over a hull with a completely flat bottom. 
(5) The hull should not roll easily at low speeds. 
(6) It would be advantageous if curves of hull resistance 
against velocity were available, as these would assist in the lift-
off calculations. This suggests hull designs from sources such as 
those tested in experimental towing tank series. Fig.l3.4 gives 
resistance curves derived from the U.S. Experimental Model Basin 
results for V-Bottom boats, E.M.B. Series 50, 1948. These curves 
have been derived by the normal method of taking the resistance 
curves from model tests, subtracting model skin friction, determined 
from the model wetted area given in the tests, and a standard 
formula for skin friction, (1) to leave model residual drag. This 
residual drag has been scaled up, and the skin friction of the full-
sized craft, based again on the wetted area and the standard formula, 
added to it. These curves apply to a hull of displacement to length 
3 
ratio, 6/('Yv' /100) = 160, as shown in the diagram. Although the LPW 
craft would have such a ratio of over 200 while floating, once the 
wheels begin to lift, the effect would be to reduce this ratio to 
about 160, so that the curves shown would be relevant at craft lift-
off as required. As noted earlier these curves would be expected 
to be affected by the presence of LPW's on the hull, but they never-
theless provide a starting point for calculations. Values on the 
scales have been calculated for a one tonne craft of 4.9 m length, 
as well as being given in their more usual dimensionless form. 
(7) Hull shape, in contrast to the model hulls, would be 
more safely based upon craft with reasonable seakeeping qualities, 
such as the E.M.B. 50 shapes (Fig.l3.4), though more modern tunnel 
hulls, flattened somewhat, may have some merits. 
1. Barnaby, Art. 126 
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13.5 DESIGN FOR FLYING OPERATION 
This area of the craft design assumes the craft hull to be 
lifted clear of the water, so that it is supported only by its 
wheels and is moving at a steady speed. The craft weight may be 
seen to be opposed by the LPW lift alone or the LPW lift along with 
a chosen amount of lift from spray and aerodynamic sources. Craft 
drag is balanced by LPW thrust. The major considerations in this 
area of the craft design are as follows: 
(1) Craft stability, trim and handling during flying 
operation. 
(2) LPW design for the conditions. 
(3) Determination of the most efficient or economical 
conditions of operation. 
(4) Determination of craft maximum speed and maximum 
power requirements. 
While the first of these is treated separately in the next 
section, (13.5.1), the other three may be handled by a single 
process, described in section 13.5.2. 
13.5.1 Stability Considerations for Flying Operation' 
This area is not well understood though a number of stability 
problems were brought to light by the flying operation of the model 
LPW craft. These were outlined earlier in sections 12.6.3.4 and 
12.6.4 and may be summarised as follows: 
(l) Fore-and-aft galloping motion of the craft: this was 
effectively prevented by the addition of plates behind the rear 
wheels as can be seen in Figs.l3.3 and 12.6. 
(2) A side-to-side wobble, which sometimes involved twistihg 
of the chassis: this has not yet been dealt with on the model, though 
it could probably be prevented by making the chassis suitably stiff 
torsionally, or providing a larger moment of inertia around its 
fore-and-aft aiis. 
(3) Lateral sliding which sometimes resulted in the model 
overturning at speed: this occurred when the model LPW's had flat 
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blades and seemed less likely to occur with the curved blades used 
(Number 17 in Table 12.22) since they had more immersion and 
provided greater traction. A second possible solution would be to 
extend the wheel discs beyond the blade tips to help prevent such 
slides, and a low centre of gravity position would make overturning 
less likely. This remains a potentially dangerous instability to 
be guarded against in any full-sized craft prototype tests, should 
the craft lift high in the water like the model in Fig.l2.20. 
(4) Steering geometry problems: apart from the simple 
damping of the steering system which was successful on the model, 
this remains an area for further investigation. 
Apart from these areas of instability which showed up in 
the model flying operation there are a number of additional 
problems that may be foreseen if a standard road vehicle is adapted 
to use as a prototype craft: 
(l) As was the case for the craft before lift-off (section 
13.33 above) the vehicle suspension systems and the differentials 
may allow unexpected instabilities during flying operation. 
(2) With a clutch, gear changes and brakes in a road vehicle 
the wheels can be subjected to decoupling from the engine, changes 
in torque, or rapid decelerations. As already noted in section 
13.2.6 above, these may result in alterations to the longitudinal 
trim, or the hull being let down suddenly on the water surface. It 
is not clear how much these might be significant problems or whether 
they might be easily overcome. 
From these comments it may be seen that the stability of 
any man-carrying, flying LPW craft adapted from a road vehicle, is 
an area which has yet to be thoroughly investigated, and care must 
be exercised in any prototype operation that dangerous instabilities 
are anticipated and avoided. 
13.5.2 Design Procedure for Flying Operation 
Calculation of the main LPW dimensions and operating con-
ditions involves an iterative process. It is shown in Table 13.5 
where equations are also given. 
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TABLE 13.5: THE LPW DESIGN PROCESS AFTER LIFT-OFF 
(A) Fix craft weight; wheel diameter, 0; blade span, s; blade 
chord, c; blade angle, ¢; number of blades, B; and 
cross-sectional area exposed to the air, A. 
(B) Choose a velocity, V0 , above lift-off speed. 
(C) Calculate craft drag from its air drag and spray drag. 
l 
4xThrust per LPW=Drag= 2pairV0 2 A CD (See expr. (13. 4)) 
(D) T From expression (13.5), L = CStan(¢-8) determine 8 and hence 
immersion depth, d. 
(E) Using the lift or thrust equation (4.25) or (9.9) (also 13.7) 
solve for wheel revolutions, n, before cavity intrusion 
weightxg TI 
4 = L = cos (¢-8) (TinDsin¢-V0 sin (¢-8))B pc
2 sBn ClL 
Using the lift or thrust equation after cavity intrusion, 
(4.27) again solve for wheel revolutions, n. 
weightxg 
4 
Choose the larger of the two values for n and note whether 
it occurs before or after cavity intrusion. (This method 
avoids having to calculate cavity intrusion itself. See 
Appendices 5 and 6.) 
v 
0 Calculate the velocity ratio, 
vt 
(F) Calculate the components of power in the power budget (express-
ions (4.43) and (9.4)). Add these to give total power, and 
multiply by power coefficient, C (expression (9.8)). p 
Total input power, P. 
l 
Calculate efficiency: n 
C (P + pl + PL + p + p t) p T ass w ro 
DragxV0 
Pi 
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The process from (C) to (F) may then be repeated for a different 
craft velocity, and repeated calculations of this sort build up 
a picture of craft performance and power consumption at the 
velocities of interest such as just after lift-off, cruising speed 
or expected maximum speed. 
It may be seen that the coefficient equations have not 
been included in full in the expressions in Table 13.5. It is 
found however that the variable functions of the coefficient 
equations (see section 9.92) may be introduced into this scheme 
without altering the general procedure though it does become 
somewhat more complicated. 
It will be seen from Table 13.5 that all the operating 
conditions fora_given craft velocity may be calculated, and such 
results are underlined as they appear. By repeated use of this 
scheme for different LPW dimensions the three areas of design for 
flying operation mentioned above may be covered, namely: LPW 
design, determination of most efficient operating conditions and 
determination of craft maximum speed and power requirements. 
13.6 COMPUTER PROGRAMME USED IN THIS DESIGN SCHEME 
It is soon appreciated when working through the scheme shown 
in Table 13.5, especially if coefficients and variable functions 
are included, that the iterative calculation of any optimum set of 
conditions involves a profusion of tedious computations. For this 
reason the scheme of Table 13.5 was written out as a computer pro-
gramme which included the variable functions and coefficient 
equations, and once operational, could rapidly produce sets of 
results from which optimum conditions and LPW dimensions could 
readily be determined. A full listing of this programme, 'LPWCRAFT' 
is contained in Appendix 7 and it will be found that the sections 
are labelled in the same way as the steps in the design scheme of 
Table 13.5. Some effort has gone into making this programme self-
explanatory. An output listing from it is shown in Table 13.6 
where it will be seen that each line represents results calculated 
at a different craft velocity (V0 ). The following points may be 
noted: 
TABLE 13.6: RESULTS FOR PROTOTYPE 1 TONNE SUZUKI 4WD VEHICLE, ASSUMING NO DRAG ADDITIONAL TO AIR DRAG. 
vo 
2.0 
PTOT 
$232637 
$184490 
2868603 
6 8 88 26 
234 04 6 
91786 
528 90 
57328 
61824 
66398 
75840 
85748 
96221 
107 325 
119145 
131760 
WT (KG} X-AREA CHORD NO BL 
1000 .00 
PLOST 
0 
1 
2 
3 
4 
4 
5 
9 
16 
25 
54 
105 
187 
313 
49 4 
746 
3.000 0.075 12 
PT 
11 
38 
92 
180 
311 
493 
737 
1049 
1440 
1916 
3163 
4860 
7074 
9877 
13335 
17520 
PROT 
$180527 
$124876 
1446996 
18 9684 
20651 
1077 
114 
138 
164 
194 
264 
349 
450 
569 
707 
864 
PWIND 
$123442 
2317731 
584161 
153915 
34427 
4458 
987 
1238 
1527 
1857 
2658 
3670 
4926 
6461 
8310 
10514 
ROW 
1000.0 
PL 
993352 
56 879 3 
359249 
23 02 39 
139644 
70455 
42230 
4 5337 
48372 
51338 
57059 
62472 
67544 
72216 
76 438 
80154 
ROA 
1. 200 
EFF 
0.00 
0.00 
0.00 
0.00 
0.00 
0.01 
0 .o 1 
0.02 
0.02 
0. 03 
0.04 
0.06 
0.07 
0. 09 
0.11 
0.13 
THE WHEEL MAKES ITS TRANSITION TO PLANING AT 1. 8m/s 
DIA SPAN 
0.700 0.600 
d/D DEPTH(mm} LIFT 
0.250 
0.249 
0.249 
0.248 
0.247 
0.246 
0.244 
0.242 
0.240 
0. 238 
0.234 
0.228 
0.222 
0. 216 
0.208 
0.200 
174 
174 
174 
173 
173 
172 
170 
169 
16 8 
166 
163 
159 
155 
150 
145 
140 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
2452 
PHI 
60 .oo 
CL 
0.0 6 
0.07 
0.08 
0.10 
0.14 
0.24 
3.91 
3.38 
2.95 
2.60 
2.08 
1. 71 
1.43 
1. 22 
1.06 
0.94 
DRAGG CONST 
0.00 
DRAG 
1.44 
3.24 
5.76 
9.00 
12.96 
17.64 
23.04 
29.16 
36 .oo 
43.56 
60.84 
81.00 
104.04 
129.96 
158.76 
190.44 
o.oo 
CT 
0 .OS 
0.06 
0.07 
0.09 
0.12 
0.21 
2.53 
2.19 
1. 91 
1.69 
1. 35 
"1.10 
0.93 
0.79 
0.69 
0.61 
OPTION 
1 
RPS 
10 6. 3 4 
60.8 9 
38.46 
24.66 
14.97 
7.57 
4.58 
4.94 
5.30 
5.66 
6.37 
7.10 
7.83 
8.57 
9.32 
10.08 
VO VOVT CIVOVT IFL 
2.00 
3.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
13.00 
15.00 
17.00 
19.00 
21.00 
23.00 
0.009 
0.022 
0.047 
0.092 
0.182 
0.420 
0.794 
0.828 
0.858 
0.884 
0.927 
0.961 
0.987 
1.008 
1.025 
1.038 
0.88 
0.88 
0.88 
0.88 
0.88 
0.88 
0.88 
0.88 
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(l) Notation for the output is shown at the bottom. 
(2) The LPW dimensions, craft weight, cross-sectional area 
and hull drag are shown first; these were read in by the programme 
as input conditions upon which the calculations were based. 
(3) Total calculated power is shown in watts under 'PTOT'. 
This is the sum of all the components of power in the power budget, 
multiplied by the power coefficient Cp (discussed in section 9.8). 
The other components of the power budget are also shown. 
(4) The calculations are based on the assumption that the 
craft has lifted off and is held at the immersion shown (under 
'DEPTH') by the LPW's. This means that the wheel revolutions and 
the power required to generate the lift and thrust forces may, at 
low speeds, be well beyond the capabilities of a practical craft 
(see Fig.l3.7 later). A real craft therefore would not be lifted 
off at these low speeds and higher speeds would have to be reached 
before lift-off could occur, when calculated power and installed 
power matched. This occurs for example when V0 = 8 m/s. 
(5) To the right under 'IFL' the integer l means the 
calculations have been based on the pre-cavity intrusion theory 
and coefficients, while 2 indicates that the calculations used 
the post cavity intrusion theory and coefficients. (These were 
discussed in section 4.7.) The choice of which theory to use has 
been decided as shown in the programme scheme shown in Table 13.5 
under (E) . 
(6) Cavity intrusion wheel revolutions has been calculated 
separately from the above method (as discussed in Appendix 5) , and 
the velocity ratio at which it occurs, under the varying conditions 
of immersion, is recorded under 'CIVOVT 1 • It will be seen that the 
wheel velocity ratio under 'VOVT' at which the integer 'IFL' changes 
from 2 to l indicating the limit of cavity intrusion,does not 
exactly correspond with the cavity intrusion velocity ratio under 
'CIVOUT', though the values do not differ greatly. This difference 
is a reflection upon the uncertainty of the force coefficients and 
the method used to calculate just when the conditions of cavity 
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intrusion will occur (discussed in sections 4.9.3 and 9.4.3.1 and 
Figs. 4.21, 4.23, 9.21, 9.25, 9.26). These two indicators of the 
onset of cavity intrusion are both printed out to show the region 
where it is most likely to occur. 
(7) The 'LIFT' results indicate the lift force generated 
in newtons per wheel. This result is calculated at the end of the 
programme and is used as an internal check on the solution of the 
coefficient equations and the wheel revolutions iterations. If 
this value is multiplied up for four wheels, and the force does not 
equal the weight force of the craft, some programme error has 
occurred. 
(8) The 'DRAG' is one quarter of the craft drag in newtons 
per wheel, as estimated from the air drag of the craft and any extra 
drag added in at the start under 'DRAGG' (in this case 'DRAGG' 0). 
'DRAG' is assumed equal to the thrust of each wheel. The use of 
the input 'DRAGG' allows any hull drag or spray drag to be used in 
the calculations by the programme under another option ('OPT' = 3). 
(9) The values under 'CL' and 'CT' are the values calculated 
by the programme for the coefficient functions for lift and thrust 
respectively. As noted in section 4.8 the values of both of these 
before cavity intrusion (when 'IFL' = 1) may range to just over 4, 
while those after cavity intrusion ('IFL' = 2) range up to 0.25. 
(10) The velocity ratio under 'VOVT' can be seen to rise 
above one. This is allowed by the present coefficient equations 
though it has not yet been observed (on the model craft) in practice. 
As noted in section 13.2.13 above, it is not clear whether such high 
values of velocity ratio are realistic. 
(11) Propulsive efficiency values shown under 'EFF' can be 
seen to be low throughout this set of results. While calculated 
efficiencies up to 0.5 occur under some conditions the validity of 
these calculated results, based upon both force coefficients and 
the power coefficient is uncertain. Neither is this a very valuable 
result for a craft whose advantages lie in versatility rather than 
economy. It is included for interest. Its derivation was discussed 
in section 7.7. 
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(12) Under 'OPTION' the integer 1 indicates that for this 
output the results are for a four-wheeled craft with only air drag. 
Other options allow such things as calculations of the results for 
a single wheel, which may be used to compare the computer output 
with the flat-bladed data given in Appendix 4 (see Fig.9.51). The 
options are fully specified in the programme notation in Appendix 7. 
13.6.1 Assumptions and Limitations of this Programme 
This scheme and the computer programme 'LPWCRAFT' based 
on it both have a number of inherent limitations and assumptions. 
While many of these are simply the limitations of the impulse theory 
of Chapter 4 it is worth itemising them here in relation to this 
scheme. They are as follows: 
(1) The forces have been assumed to have been generated 
impulsively at the moment of blade entry only. No consideration 
is given to what happens after blade entry. (See section 9.3.2.) 
(2) The experimentally derived coefficients (section 9.9) 
have been assumed to apply only to the induced mass flow rate and 
treatment of them in the calculations neglects the fact that they 
may, in part, be associated with the velocity changes rather than 
the induced mass (see section 4.8). 
(3) The coefficient equations and the variable functions 
were developed from the data of Appendix 4 centering upon the 
standard wheel, where they therefore apply most consistently. It 
is known that for extremes of chord and blade angle they do not 
apply so well but since these more extreme conditions are less 
likely to be encountered in practice they have not been further 
refined. 
(4) The coefficient equations were primarily derived for 
an estimated centre of pressure position on the blade, (0.4 of 
the effective chord, clim' from the leading edge), but they are 
used in this scheme as if they applied to the blade tip. Although 
not examined in depth this assumption seems to be reasonable as 
noted in section 9.9.3 point (3). 
(5) The power calculations have been based on the power 
budget and modified first by the power coefficient as described in 
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section g,s, and then adjusted for diameter as discussed in section 
g,4.4. The model craft dynamometer tests were not altogether 
conclusive in their attempt to determine the model craft power, 
which could have confirmed this way of calculating the power of the 
LPW craft. At this stage, then, based on the seeming accuracy of 
CL and CT, and the scatter found in Fig.g.45 for the power coeffi-
cient Cp, it may be reasonable to assume that actual power require-
ments would lie in the range +25% to -10% of the calculated power 
given by 'PTOT'. 
(6) There are some discrepancies between the theoretical 
and actual results for the~ rati~ as shown in Fig.g.43. While the 
combination of variable functions resulting in the term 'CBTA ... ' 
in the programme (see also Cs in expression (13.5) section 13.2.5) 
may help to accommodate these differences, they have not yet been 
examined in detail; the results for the model craft, however, suggest 
the present approach cannot be much in error. 
(7) All calculations are performed assuming the craft is 
moving at a steady speed. 
(8) The LPW's have all been assumed to be immersed the 
same amount. 
(g) All four LPW's have been assumed to be the same for 
a four-wheeled craft. 
(10) The scheme does not work if the blade angle, ¢, is 
greater than goo, the coefficients were only developed for blade 
angles up to goo. 
(11) For blade angles between 85° and goo all calculations 
assume cavity intrusion is occurring. This assumption is based on 
the observation that the lift force data for the blade angle ¢ = goo 
(see Appendix 4, wheel 6,¢ = goo) is zero or negative before cavity 
intrusion occurs. 
(12) As noted above (section 13.6, point (6)) the cavity 
intrusion calculations are of limited accuracy, though the range 
of velocity ratios where it occurs may be judged from the two 
estimates given in the output in Table 13.6. 
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(13) As noted above (section 13.6, point (10)) there are 
uncertainties as to whether the velocity ratio can in fact be greater 
than one. 
(14) Calculations for velocities greater than 5 m/s involve 
extrapolation from the experimental results. 
(15) Similarly, calculations for wheel diameters greater 
than 0.38 m involve extrapolations. 
(16) While the scheme is valid only for flat-bladed LPW's 
it may be used to estimate conditions for curved-bladed LPW's 
using the findings of Chapter 10, (section 10.4). 
(17) Spray drag and hull drag, while unknown may be assumed, 
and read into the programme under 'DRAGG'. 
results in Table 12.23;) 
(This was performed for 
(18) Similarly augmentation of the lift force by spray may 
be read into the programme by reducing the craft weight by the 
appropriate amount. 
In spite of these limitations and assumptions the programme 
has been tested against the model LPW craft performance as discussed 
in section 12.8 and Table 12.23 where its results showed it to be a 
fair predictor of craft performance. 
13.6.2 Design Optimisation Using This Programme 
In the design of the LPW craft for flying operation there 
arise a number of factors which have to be traded off against one 
another. For this reason it is helpful to make repeated use of the 
programme 'LPWCRAFT' discussed above, for a variety of craft and 
LPW dimensions to discover the most acceptable craft parameters. 
In general the areas of interest will be: 
(1) Lift-off speed and power requirements. 
(2) Maximum speed and power requirements. 
(3) Speed for most economical operation in the flying 
condition, or minimum power operation. 
(4) Practical dimensional limitations to the LPW's. 
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These areas of interest are found to most often involve 
craft power and speed so that plots of these two conditions 
provide most of the necessary information. For example the power 
results under 'PTOT' of Table 13.6 above have been plotted against 
craft speed in Fig.l3.7. The most dramatic feature of this plot 
is the change in the power curve at the onset of cavity intrusion. 
The very high power at low speeds does not indicate that the craft 
cannot operate below 7 m/s, but simply that it cannot operate in 
the flying condition below this speed. The horizontal line drawn 
through the plot at 100 kW represents the available craft power 
output. The intersection of this line with the power curve gives 
the minimum possible lift-off speed as being about 7 m/s with 
cavity intrusion occurring, and a maximum craft speed of 17.8 m/s. 
It is clear that for lift-off without cavity intrusion occurring 
craft speed would need to be about 7.5 m/s. 
This curve also indicates that the most economical speed 
of operation for a flying craft is going to be just before cavity 
intrusion starts, right after lift-off. (That is, of course, if 
the hull is clear of the water at this speed.) 
This power curve will vary in position and shape with changes 
in the LPW dimensions and craft conditions, and to illustrate how 
each variable alters the curve, Fig.l3.8 (A) to (G) has been prepared. 
In each of the plots shown the curve of Fig.l3.7 above has been re-
produced for reference as the heavy solid line; the craft power limit 
of 100 kW has also been retained. Each of the other curves in each 
plot represents the power curve for a different value of the variable 
specified, while all other conditions remain constant. The following 
points are worthy of note: 
altered: 
(1) There are three ways in which the power curves may be 
(a) Changes in lift-off speed and cavity intrusion. 
(b) Changes in maximum speed. 
(c) Changes in minimum power. 
While some variables trade these changes off against each other, 
others alter one at a time. The appropriate choice of dimensional 
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changes can improve the craft power consumption and speed characteris-
tics. 
(2) Craft weight has the greatest overall influence upon the 
power requirements. Weight saving is clearly advantageous; this is 
a reflection on the large component of power consumed in lift as 
indicated under 'PL' in Table 13.6. 
(3) It is clear from point (2) above that spray augmentation 
of lift can help significantly in reducing craft power requirements -
or in reducing lift-off speed and increasing maximum speed. For a 
practical 1 tonne craft this has been estimated as up to 100 kg at 
lift-off. 
(4) Span variation, Fig.l3.8(F), is notable for its large 
effect on lift-off speed and minimum power. These results, includ~ 
ing of course the experimental coefficients CL and CT, are essentially 
consistent with the findings in the theory of Chapter 4 (see section 
4 .12). 
(5) Evidence of the maximum speed limit (discussed in 
section 13.2.5) may be seen in Fig.l3.8(B) where the curve of great-
est drag at high speed rises steeply. It will reach some limiting 
value well beyond the craft speed capabilities in this case. For 
calculations relating to the model LPW craft, which was proportion-
ally lighter, this maximum speed limit was much more in evidence. 
(6) Fig.l3.8(C) shows the effect of increased wheel windage 
losses, since at higher speeds the power curve for the largest 
chord (0.15 m) rises more steeply than the rest. 
(7) The effect of decrease in diameter (Fig.l3. (E)) is 
essentially to shift the curve to the right. Thus higher speeds 
may be achieved by smaller diameter wheels, at the expense of higher 
lift-off speeds. This result seems confusing since it is not 
immediately obvious why at a given velocity, say 12 m/s in Fig.l3.8 
(E) , a smaller wheel should use less power than a larger one for the 
same size of craft. The explanation for this, is that the smaller 
wheel, rotating faster to provide the same forces, is operating 
nearer cavity intrusion than the larger wheel; this is also clear 
from the plot. But section 4.11.3 noted that the nearer a wheel 
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operated to the onset of cavity intrusion, the greater the induced 
mass flow rate per blade (m in expression (4.16), section 4.5) and 
hence the lower the power required for lift, and lost to the wake 
for thrust asP (Table 13.6 or section 9.8). lost Thus at 12 m/s 
in the figure the smaller wheel is operating more efficiently. 
For a given number of blades and a given power, then, a smaller 
diameter wheel will have a speed advantage over a larger diameter 
wheel. So for a small diameter wheel, if lift-off can be achieved, 
both cruising speed at minimum power, and maximum speed are higher 
than for those of a larger wheeli on the other hand a larger wheel 
may achieve lift-off at lower speeds. 
discussed in sections 9.4.4 and 9.92.) 
(Wheel diameter was further 
Repeated use of the programme 'LPWCRAFT' and plots such as 
those of Fig.l3.8 allow an iterative approach to an optimum design 
for a craft, and its LPW's. It should be pointed out however that 
the programme output (as shown in Table 13.6) also shows conditions 
other than the speed and power plotted in Figs.l3.7 and 13.8. For 
example immer.sion and wheel revolutions are also given. From these 
the hull clearance and transmission ratios may be determined, and 
practical considerations such as a requirement for greater hull 
clearance may also be essential considerations in what will be an 
optimum design. The plots of Fig.l3.8 do not show such things, and 
further plots may be required. 
Of special note is the fact that the velocity ratio as 
calculated sometimes rises above one. This has already been dis-
cussed (section 13.2.13, 13.6, point (6) and 13.6.1, point (12)) 
and in practice it may be found that practical power requirements 
and wheel revolutions are greater than calculated under such circum-
stances. If this was the case the curves of Figs.l3.7 and 13.8 
would need to be altered. 
13.6.3 Operational Power Curves and Flying Conditions 
The use of the programme 'LPWCRAFT' and the results of Table 
13.6 and Figs.l3.7 and 13.8 have all assumed a constant speed, 
constant additional drag (under 'DRAGG') and a flying craft through-
out the calculations. In the real case the drag would be different 
at each craft speed, depending on spray, and acceleration forces 
would be present. Lift augmentation would vary with the amount of 
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spray thrown up - it would be greater at lift-off than at high speed 
(compare Fig. 12.16 with 12.20). 
Before lift-off, with the wheels in their planing mode the 
craft hull would provide drag approximately as shown above in Fig. 
13.4, until lift-off WqS achieved. After lift-off the craft would 
accelerate rapidly possibly with the hull just skimming the water 
until the acceleration forces, spray drag and air drag could oppose 
the thrust sufficiently for the thrust to be great enough to decrease 
the immersion, lifting the hull well above the water (see section 
13.2.7). Based on the experience with the model, the results of 
Table 12.23 and the sequence of events just described, it is possible 
to estimate the craft drag forces, and lift augmentation at each 
velocity over the expected range of craft velocities. These estimates 
are shown in Fig.l3.9. As already noted, spray forces have not been 
measured, so that the spray drag and lift augmentation estimates are 
not at all conclusive; such estimates, however, allow a more realistic 
craft power curve to be produced than that on Fig.l3.7. 
The programme 'LPWCRAFT' can be used to calculate the craft 
power for such varying conditions of lift and thrust, when it is 
run successively with the input conditions changed for each run. 
Each run produces a set of results calculated at a range of velocities 
like those of Table 13.6. The input conditions of drag and lift 
augmentation can then be matched with the calculations at the velocity 
to which they apply. Thus a series of computer runs can be used 
to compile a more realistic set of results than those of Fig.l3.7 
and Table 13.6. Such results are shown in Fig.l3.9 and 13.10. 
Several points may be made: 
(l) As designed, a l tonne craft will not be able to over-
come its drag between 2 and 7 m/s, Fig.l3.9(B). This sort of diffi-
culty was experienced by the model craft (section 12.6.2). As was 
the case with the model this drag hump would probably be overcome 
if concave blades were to be used as intended. 
(2) Also shown in Fig.l3.lO(A) is the immersion of the 
wheels. This will be seen to be little less than the maximum 
allowed immersion of 140 mm. (Greater immersion is prevented by 
the hull floatation.) Hull clearance above the water is never 
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greater than 15 mm. This would hardly look like the flying condition 
for a 4.9 m craft, and would probably make it susceptible to porpois-
ing instabilities as described in point (c), section 12.6.3.3. The 
model craft readily demonstrated much greater hull clearances 
(smaller wheel immersions) than this (see Table 12.23 and Fig.l2.20). 
The reason for this small hull clearance (large immersion and large 
immersion angle, 8) for this full-sized craft lies in its small 
thrust to lift ratio (expression (13.1)) compared with that of the 
model, since the full-sized craft is proportionally much heavier than 
the model for its size (see Table 13.12 ahead). This weight is in 
excess of the scaled up weight of the model craft. 
Since the craft as designed has a reasonable power to weight 
ratio when compared to other craft it would be of some value to 
design wheels which could hold the hull higher out of the water, 
thus avoiding the problems of a skimming hull. Little development 
along these lines has been undertaken since the model craft demon-
strated adequate lift for its relatively light weight. At this 
stage, then, some suggestions to cope with this difficulty can be 
offered: 
(a) If the blade angle, cp, is decreased the craft will sit 
higher in the water by expression (13.1) above. A small blade 
angle, however, presents difficulties at lower speeds and larger 
immersions where S (=cp-8) can become negative, producing negative 
thrust, (see section 4.10.2). 
(b) Variable blade angle, as discussed above in section 
13.2.8 could overcome this difficulty. 
(c) Hybrid wheels like those tried (superficially) on the 
model (number 10 in Fig.l2.2l and Table 12.22) or like those of 
Fig.l3.11 might be used. The purpose of such wheels would be to 
provide concave surfaces and high blade angles which produce large 
thrust forces, at the low velocity ratios (high wheel revolutions) 
which occur before lift-off, when large thrust forces are required. 
Then, after lift-off, they would present low blade angle surfaces 
which provide large lift forces at the high velocity ratios which 
occur after lift-off, when more lift than thrust is needed. The 
full potential of such wheels, however, has yet to be examined. 
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(3) In the plot of total drag in Fig.l3.9(B), a curve of 
the assumed acceleration force has been drawn. If this acceleration 
force is not used, the thrust force, in expression (13.1) for the 
lift to thrust ratio, becomes small immediately after lift-off and 
the craft sinks back on to the water surface. It will be apparent 
from this, that it is not possible for the craft, as designed, to 
maintain a flying condition at steady speeds below about 17 m/s 
since below this speed the drag is too small for the craft to be 
held aloft, and the acceleration force given is necessary to main-
tain the small hull clearance shown in Fig.l3.10(A). In fact the 
total drag at a steady speed of 17 m/s is barely enough to maintain 
the flying condition, and only about 1 mm clearance results as 
shown in Fig.l3.10(A). 
It can be seen from the above, practical considerations 
that the full-sized craft, as designed, using simple flat-bladed 
LPW's is barely capable of demonstrating the concept of a craft 
supported on its wheels, and is unable to reach lift-off speeds 
because of its full drag. While concave blades would be expected 
to provide sufficient thrust to reach lift-off speeds they would 
not provide more lift after lift-off nor would they hold the craft 
higher in the water. 
The craft design then is for a vehicle with about the mini-
mum possible power to weight ratio with which lift-off can be 
achieved, with the present understanding of LPW operation. While 
there is still some room for improved performance at this power to 
weight ratio with a carefully designed hull, or high lift wheels, 
it is clear that decidedly better performances may be obtained with 
craft with greater power to weight ratios. Such craft, while rela-
tively inefficient in terms of power consumption would more clearly 
demonstrate the LPW concept, using wheels already tested, running 
higher out of the water and demonstrating greater maximum speeds 
and lower lift-off speeds. 
13.7 OUTLINE FOR THE DESIGN AND TESTING OF A FULL SIZED PROTOTYPE 
The figures and calculations in this chapter have all been 
for a full-sized craft of one tonne and 100 kW power at the wheels, 
using flat-bladed LPW's. These calculations have centred around 
the idea that a Suzuki SJ410 four-wheel-drive vehicle (major dimen-
sions shown in Table 13.12) could be converted f0r use as the first, 
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full-si~ed, prototype LPW craft. This would result in a craft 
dimensionally 4.6 times the size of the model LPW craft of Chapter 
12. In terms of weight it would be heavy, about 2.5 times as heavy 
as if the model craft weight was multiplied by the cube of 4.6. 
This full-sized craft weight assumes that unnecessary panelling has 
been removed, and a hull and driver added to the vehicle with a kerb 
weight of 850 kg. This proportionally heavier craft presents some 
problems with immersion as noted above, but, as noted in point (2) 
in section 13.2.5 above it also has the doubtful advantage that the 
maximum speed limitation would not be a problem with a heavier craft. 
Other dimensions differ only a little from the scaling factor of 
4.6, and these are shown in Table 13.12. 
TABL 
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WHEEL DIAMETER 
WHEELBASE mm 
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H 
U) 
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~ 
H 
0 
H 
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0 
~ 
152 mm 
418 
320 
4 kg 
U) 
:z; 
0 \.0 0 
H . r-1 
U) 
"" "" :z; t-:J ~ :>-t U) r:Q 
H ~ 0 0 fil 
H ~ N fil :::J 
0 u U) 
~ U) 
700 ~ 700 
1923 2030 
1472 1242 
390 kg Kerb weight 
850 kg 
Assume- 1000 
kg A.u.w. 
Hull design has been assumed to be close to that of Fig.l3.4 
so that the drag curves of this figure may be used in lift-off cal-
culations. Such calculations have usually assumed the hull to remain 
horizontal (T = 0°) to avoid the large drag peaks at around 4 m/s. 
The central performance prediction and LPW dimensions are 
those of Table 13.6 and Fig.l3.7 and these have been put in the 
practical form with a drag force varying with speed in Figs.l3.9 
and 13.10. 
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If the speeds shown in these calculations were to be 
achieved a light motor of 100 kW would have to replace the smaller 
motor already in the vehicle. The installed power in these 
vehicles is rated at 33.5 kW. There is some merit in the idea of 
decreasing the minimum power required for lift-off in Figs.l3.7 or 
13.9 by any possible means indicated in Fig.l3.8 so that this in-
stalled power could be used for an initial test run under the minimum 
power condition to verify the predictions of the calculations for 
a full-sized craft. The procedure would be to run the craft at the 
speed of minimum power, down a gently sloping beach into shallow, 
calm, water to ascertain whether it could maintain itself in the 
lifted-off condition as predicted. Such a test would provide ex-
perience before major engine changes and hull construction was 
undertaken. 
The dimensions of the LPW's would be excessive under these 
circumstances and weight would be at a premium. For this test the 
hull might only be emergency floatation to stop the craft rolling 
or sinking should instabilities occur (as discussed in section 13.5.1 
above) . No shaped bow would be necessary though outrigger buoyancy 
might be used instead. Centre section and rear plates of some form 
would probably be an advantage for stability and lift augmentation. 
If the installed power of the craft was insufficient, an 
intermediate test might involve turbocharging the motor. 
Pending the experience and results of such a preliminary 
confirmatory test the more expensive engine changes and hull con-
struotion could be undertaken. Tests with the craft thus fitted 
out would involve the broad range tests necessary to ensure craft 
safety, usefulness and to confirm performance predictions. The 
criteria for such tests would arise from the results of the model 
tests of Chapter 12 and the findings of the preliminary tests 
described above. 
While all the predictions and optimisation procedures have 
been based on the theory for flat-bladed LPW's, it is clear from 
the model tests (section 12.8 and section 10.6) that concave blades 
like those of wheel 1.75,¢ = 90° would in fact be used. These 
blades would alter the performance characteristics in ways that can 
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be deduced from the findings of section 10.4 and in general should 
give better than the predicted performance for flat-bladed LPW's 
as they did on the model. A cautious approach would be to use 
wheels with these concave blades but expect a performance no better 
than that predicted for flat-bladed LPW's. 
13.7.1 Design of Practical LPW's 
The LPW's, themselves, for a full-sized craft need to be 
robust enough to carry the craft weight on land, need to be easily 
attached and removed from the vehicle hubs, and need to be cheap 
to construct as well as being light in weight. The fact that some 
model craft blades bent indicated that each blade needs to be able 
to support about half the craft weight on its tip to cope with the 
loadings it will encounter while running on water. It is imagined 
that a light welded steel plate construction would be investigated 
for early tests. 
In the long term, LPW's would need to be developed which 
would allow the craft to operate on roads, if its full amphibious 
capability is to be realised; metal wheels could not be used for 
this. Four basic approaches have been envisaged to this problem: 
(l) LPW's made of metal could incorporate a central (?) 
rim where a conventional tyre might be mounted. This would have 
little effect in the water but having a larger circumference than 
the blade tips would provide support on land. 
(2) Conventional wheels might be used, with a folding struct-
ure of blades mounted outboard of the hub. This folding-type LPW 
might be operable from the driver's seat. 
(3) Separate road and water wheels could be carried by the 
vehicle much in the manner that spare wheels are carried, with 
chains already mounted on them, for mud and snow conditions. This 
would require wheel changes before and after water operation but 
may be the most practical method of use in many cases. 
(4) Special ribbed tyres might be developed as sketched 
in Fig.l3.13. Such purpose-built tyres would require careful in-
vestigation before their development because of the tendency for 
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FIGURE 13 ·13: SUGGESTED. RUBBER TYRE FOR A COMBINATION 
ROAD AND WATER LPW. 
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such shapes to produce the fountain effect discussed in section 
11.2, point (2) and Fig.l2.17. While tyres like this would be the 
ideal for the model craft for universal land and water use they 
would be unlikely to lift the full-sized craft high enough out of 
the water for adequate hull clearance (see section 13.6.3 above). 
Development along the lines of Fig.l3.13, of hybrid wheels, like 
those of Fig.l3.ll, might be required for the land-water LPW for 
the full-sized craft. 
13.8 TENTATIVE PERFORMANCE PREDICTIONS 
While uncertainties regarding the model craft power output 
made it difficult to get a conclusive assessment of the value of 
the programme 'LPWCRAFT' in predicting craft performance, it seems 
clear from the results of columns (e) and (h) of Table 12.23 that 
the most realistic predictions involved the addition of spray drag 
and lift augmentation to the calculations. Fig.l2.25 placed such 
predictions close to the measured craft performance. The calcula-
tions for the full-sized craft of this chapter have therefore included 
estimates of spray drag and lift augmentation, so that their predict-
ions of craft performance would be expected to be close to actual 
achievable craft performance. On this basis, it is possible to 
compare the LPW craft performance with those of other craft. 
Two performance estimates have been made, the first assuming 
a 1 tonne craft with a 100 kW engine as used for the calculations 
in this chapter, and another assuming a 1 tonne craft with a 150 kW 
engine, which would more readily demonstrate the LPW concept with 
flat-bladed wheels as designed. Both these estimates were plotted 
earlier on Fig.l2.25, where they can be seen to be placed in the 
racing craft category near to high powered jet boats and hydroplanes. 
Another comparison on a different figure shown in Fig.l3.14 
emphasises the high power to weight ratio of the LPW craft as com-
pared with other craft. This power to weight ratio, while large 
for a commercial craft is within the range of sport and specialist 
vehicles both for land and water use, and may well be improved upon 
with the employment of concave or hybrid blades on the LPW's. 
13.9 CONCLUSIONS 
This chapter has outlined the main features of LPW craft 
design and performance, and has come up with a set of design 
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procedures from which performance predictions may be made. From 
these, a tentative answer can be given to the fundamental question 
posed by the project: A full-sized LPW craft, while experiencing 
some difficulty with hull clearance with present LPW design is 
predicted as being capable of operating at speeds approaching those 
of high powered planing craft though using more power than most of 
these craft to achieve such speeds. Such a performance, while not 
putting the LPW craft into competition with the more efficient 
planing craft would be very respectable for a fully amphibious 
vehicle. It is to be expected that this performance could be im-
proved upon with development, as these predictions centre mainly 
on the results from flat-bladed LPW's. 
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CHAPTER 14 
CONCLUSIONS 
14.1 INTRODUCTION 
Although the project aims in section 3.6 were to find out 
how well a lifting paddlewheel craft might operate, the work in-
volved discoveries universal to all types of paddlewheels as well 
as results relating more specifically to LPW's, and findings 
concerning the LPW craft itself. The main findings of the project 
are here summarised in this order before remarks are made on the 
craft capabilities, its possible applications and recommendations 
for further work. 
14.2 SUMMARY OF FINDINGS UNIVERSAL TO ALL TYPES OF PADDLEWHEELS 
The following are results from the project which have clarified 
the performance of all types of paddlewheels: 
(1) The wake of a paddlewheel or wheel in deep water was 
shown to be like that of any watercraft with the same speed and 
waterline length as the paddlewheel: wakes could be compared through 
a Froude Number based on waterline length. The wake of a paddlewheel 
can be determined from its speed and can be divided into static, 
displacement, transition and planing types. 
(2) The mechanisms by which the paddlewheel forces were 
generated were seen to be different for low and high speed operation 
(or displacement and planing operation) . 
(3) Forces generated during displacement operation were 
usefully described by picturing the paddlewheel blades as generating 
drag forces during their passage through the water. These displace-
ment forces were strongly affected by the wake formations, especially 
when the transition speeds were reached, when forces became small. 
(4) In the planing mode of operation the forces were found 
to be generated at the point of blade entry rather than throughout 
their passage. They were best described as being generated by an 
impulsive momentum change in the induced mass of the entering 
paddlewheel blade, and the direction of the resultant force could 
be found from a vector treatment of the flow velocities. 
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(5) All paddlewheels in the planing mode of operation produced 
lift forces to a greater or lesser extent. 
(6) Paddlewheels in the planing mode of operation generated 
maximum lift forces if the blade angle was near ¢ = 60°. They 
developed maximum thrust forces if the blade angle was near ¢ = goo 
(radial blades). Propulsive efficiency was greatest with blade angles 
near¢= goo, and if the wheel generated lift it appeared to do so 
at the expense of propulsive efficiency and thrust. 
(7) The twin phenomena of cavity intrusion and bowsplash were 
discovered in the planing mode, and they were shown to have signifi-
cant effects on the generation of both lift and thrust forces. These 
effects were not unlike the stall of a wing in flight. They were 
successfully related to the wheel parameters of immersion depth, 
velocity ratio, blade chord, number of blades and blade angle. 
(8) Doubt was thrown on the claims made that cylinder vehicles 
could rise and run on the water surface, as tests undertaken in this 
project showed the fountain effect caused by smooth wheels tended to 
pull them down at low speeds. A small possibility remains that they 
could be made to operate at high speeds if they could avoid this low 
speed phenomenon. 
(g) The Rollercraft wheel was tested and found to provide 
lift and thrust forces. Its force performance through the transition 
zone was exceptional. Efficiency was low and the magnitudes of 
measured forces were widely different from measurements made by 
Kearsey. 
(10) While the experimental measurements for this project were 
eventually undertaken by moving the wheel over still water, the con-
siderations necessary for tests in flowing water were discussed. It 
was noted that critical flow with a Froude No. = 1 should be avoided; 
displacement type operation could be modelled only in deep sub-
critical flow with a Froude Number less than 1, and planing type 
operation might be modelled in either subcritical or supercritical 
flow. 
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14.3 SUMMARY OF FINDINGS RELATING SPECIFICALLY TO LPW'S 
(l) The effects of the LPW variables were examined by experi-
ment and were related in the impulse theory. These variables were: 
diameter, span chord, blade angle, blade shape, number of blades, 
immersion depth, wheel revolutions and speed of advance. 
(2) Useful lift forces were generated by LPW's with the 
appropriate blade shape and blade angle. 
(3) An analytical model of the forces of flat-bladed LPW's 
at planing speeds was developed, and with experimentally derived 
coefficients this was shown to be a useful predictive model. This 
has been called the impulse theory. 
(4) A simple relationship derived from the impulse theory 
relates the lift and thrust forces, the blade angle and immersion 
angle: 
T 
L tan (¢-8) 
This has been found to be a useful analytical tool. 
(5) Tests with curved-bladed LPW's were undertaken and 
although no comprehensive theory was developed to describe the 
results, the findings could be related systematically to the 
results of tests and theoretical predictions for flat blades. Con-
cave blades were shown to give a superior performance to other types 
of blades in tank tests. 
(6) Peak efficiencies for LPW's were not high and occurred 
at small immersions. Propulsive efficiencies of over 50% were 
measured at the conditions of velocity ratio that would be found in 
a craft in operation. There remains some uncertainty as to the 
attainable efficiencies at high speeds or at high velocity ratios 
for a practical craft. 
14.4 SUMMARY OF FINDINGS FOR THE LPW CRAFT 
The project aims were ambitious in that they posed a question 
that could, at best, only be partly answered by a project of this 
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sort. Nevertheless the work has been able to give preliminary 
answers, has found no reason to doubt the concept, and has provided 
some tools for analysis: 
(l) The LPW craft has been shown to operate successfully in 
a model form, achieving speeds of up to 9 m/s over the water surface 
supported only by the dynamic forces generated by its wheels. 
(2) The model craft tests to date have achieved the speeds 
of 9 m/s without much effort. This can be compared with model boats 
of the same power which regularly reach speeds of 14 m/s. It is 
believed that with perseverence a model LPW craft performance compar-
ing favourably with that of model V-bottom boats could be achieved. 
This is assumed to be indicative of the speed capability of a full-
sized craft. 
(3) The model craft tests confirmed that the results of tank 
tests and theoretical predictions could be applied to the LPW craft. 
The best all round LPW's were found to have slightly concave blades: 
these showed good characteristics both in the tank tests and on the 
model craft. 
(4) Experience with the model craft produced a wealth of 
information regarding craft stability, hull configuration and LPW 
design. This would be of importance in full-sized craft design. 
(5) A computer programme based on the theory and experimental 
results was developed for use in the design of full-sized craft and 
the optimisation of their LPW dimensions. This was checked against 
the performance of the model craft and its value as a design tool 
thereby assessed. 
(6) Predictions of the full-sized craft capabilities using 
this computer-based design indicate that it should be capable of 
over-water speeds equalling those of jet boats for the same installed 
power. While this predicted performance has yet to be achieved in 
practice, it is not necessarily the limit to the eventual capabilities 
of LPW craft. At present, however, it is the best answer that can 
be given by the project to its fundamental question of how well the 
LPW craft can operate over water. 
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14.5 CAPABILITIES AND LIMITATIONS OF THE LPW CRAFT 
While there is still some way to go in fully developing the 
LPW craft and the LPW's themselves it is not inappropriate to 
speculate on some of the special capabilities that it might have 
(see also section 1.2): 
(1) High speed over water capability which approaches that 
of planing craft with similar installed power and weight. 
(2) All terrain overland capability not unlike that of four-
wheel-drive land vehicles. This facility may be limited by the LPW 
craft requirement of a hull-shaped body and wide wheels, but may also 
be enhanced by the high installed power required for water operation. 
(3) The craft may be used on roads probably to speeds 
approaching those of normal land vehicles. 
(4) In water at low speeds it can provide a high thrust for 
towing purposes. (The model craft readily generated static thrusts 
equal to its own weight.) 
(5) There is an untested possibility that the craft may be 
capable of operating at speed in soft mud or snow in the same manner 
as it operates in water. 
(6) The wheels tend to roll over obstacles in the water 
rather than running into them. It is likely that the craft could 
operate successfully in shallow, shoal conditions. 
(7) It would be expected that the craft could run from land 
to water and vice versa at speed and without any need to stop and 
make special adaptions. 
(8) Transmission, hull and chassis design require no new 
technology beyond the technology of four-wheel-drive vehicles and 
planing hulls. In fact LPW's and floatation might be designed to 
bolt on to existing four-wheel-drive vehicles. 
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(9) The training of drivers would not seem to present a problem 
because of the craft's similarity to road vehicles. 
This combination of facilities cannot readily be challenged 
by any present vehicle. The closest contenders are the hovercraft, 
which have poor traction and cannot be used on roads, and the LVHX-1 
(see section 2.6.2) which, while handling waves well, is a specialised 
vehicle involving high technology. 
As well as these possible advantages the LPW craft does have 
certain limitations. These are imagined to be: 
(l) The LPW craft would not be expected to handle large waves 
well in its flying condition though this has not yet been examined in 
practice. 
(2) The LPW craft generally requires large diameter or wide 
wheels which tend to be clumsy on land. 
(3) At present it cannot be seen as a carrier of large loads: 
like the helicopter its advantage lies in its unique capabilities 
and speed. 
(4) While it has generally been imagined that a wheeled craft 
on water would require less power than a planing craft, because its 
body would be clear of the surface, it seems that in the practical 
situation more power is required to produce the lift. In general 
this compensates for any savings that might otherwise be made. 
(5) Power requirements for a useful water performance are 
large compared with those of normal road vehicles. This means that 
adaption of road vehicles into LPW craft would generally involve the 
installation of larger engines in standard vehicles. 
(6) LPW's which are equally useful on land and water have 
yet to be evolved. 
14.6 APPLICATIONS FOR THE LPW CRAFT 
It is not possible to foresee all the special uses that the 
LPW craft might be suited though after the above discussion of its 
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probable capabilities and limitations some areas of application 
present themselves: 
(1) Medical, mail and transport services to undeveloped 
areas where there may be few roads on land connected by rivers, 
lakes or swampland. River delta areas, or shallow braided rivers 
like the New Zealand South Island rivers might be especially nego-
tiable by such a craft. 
(2) Rescue services in areas where combinations of mudflats, 
land and water may deny access to many conventional craft. Auckland 
airport is one example of such an area. 
(3) Rescue work in floods where land and water boundaries 
vary uncertainly, obstacles are floating in the water, and some 
roads might be accessible. Speed would be necessary in fast-moving 
currents. 
{4) Arctic or Antarctic conditions where access might be 
required over snow, water or ice. 
{5) Military landing operations or law enforcement patrols 
in sheltered coastal, and inland waterways where the high speed 
water capability, towing facility, roadability and cross-country 
ability might all be combined to advantage. 
14.7 OTHER USES AND DEVELOPMENTS FOR THE LPW ITSELF 
This project has, throughout, been biased towards the use 
of the lifting paddlewheel in an overwater four-wheel-drive craft. 
It may of course undergo developments and find other uses where 
its special characteristics make it useful in combination with 
other systems. Some ideas which have arisen during the course of 
the project are as follows: 
(1) Free-wheeling undriven LPW's might be developed to provide 
lift. Such devices could be used as the front LPW's in a two-wheel-
drive LPW vehicle. 
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(2) A motorcycle fitted with LPW's contains the elements of 
a specialised sports vehicle that would not be without challenge. 
(3) The LPW might be used on hovercraft to provide traction 
on land and water. There is a possibility of setting the LPW on the 
end of an arm so that it always remained in contact with the water 
but carried its own weight while providing thrust. 
(4) Propulsion and lift assistance might be provided for 
planing craft employing Beardsley's Surface Impulse Propulsion 
concept (see section 2.2.6) where the LPW could be placed across the 
stern of planing craft as envisaged by Wray and Starrett (see Fig.2.5). 
(5) A snowmobile fitted out with a ski on the front and a 
lifting paddlewheel on the back instead of its track might make a 
combination snow and water craft. 
14.8 RECOMMENDATIONS FOR FUTURE WORK 
The work of this project has shown that the LPW concept is a 
feasible one. The first recommendation for further work is therefore 
that a full-sized craft be built as outlined in Chapter 13, and 
tested so that is capabilities may be thoroughly assessed. This would 
be seen to be the most productive next step, and could resolve many 
of the questions left unanswered in the project. Once such a step 
had been completed the project might well become a business venture 
rather than a research project. 
Failing the construction of a full-sized craft or perhaps in 
conjunction with it there is much that may be continued on the project 
lines already started that could resolve unanswered questions. This 
smaller scale work divides into three areas where only the most useful 
areas of investigation are noted: 
(A) Model LPW craft work 
(1) Measure the power output of the model LPW craft as 
attempted and described in section 12.6.1. 
(2) Improve the model performance to its limits to more 
carefully assess the computer design procedure. 
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(3) Find out how necessary the full bow is for stability, 
and compare a variety of mid-section and rear plates to determine 
their optimum performance parameters. (See sections 12.6.3.3, 
12.6.3.4 and Fig.l3.3.) 
(B) Tank testing of LPW's 
(1) Examine the flow around curved LPW blades in stroboscopic 
studies in the glass-sided tank. (See section 8.3.) 
(2) Develop LPW's which combine the required properties of 
traction and small immersion that may be made into tyres for water 
and land use for full-sized craft. (See sections 13.7.1, 18.7.2 
and Figs.l3.10, 13.13.) 
(3) Assess LPW performance at high speeds to determine the 
limits to propulsive efficiency at high velocity ratios. (See 
section 13.2.13.) 
(C) Re-examination of Theoretical Work 
(1) Ascertain why the impulse theory force coefficients 
vary linearly with wheel revolutions. (See sections 9.4.3, 9.9.2.) 
(2) Find out how much the flat plate drag forces contribute 
to the impulsive blade forces in the wheel planing mode. 
9. 3. 2.) 
(See section 
(3) Develop a comprehensive theory which covers the perform-
ance of curved as well as flat LPW blades. 
point (5).) 
14.9 CONCLUSION 
(See section 4.9.3, 
One reason why wheels in water have not attracted much atten-
tion since the replacement of the paddlewheel with the screw 
propeller, is that the interaction between wheels and water is com-
plex and not easily understood. Paddlewheel design, as far as it 
went, was based on little more than past experience. The difficulty 
in coming to a better understanding of this interaction had two 
aspects. Not only were there required vast amounts of data from 
large numbers of measurements to cover the range of variables of 
a paddlewheel, but there was also the need for a close examination 
of the results and the formulation of an adequate theoretical model 
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to provide a ready understanding of how the variables interacted. 
Thus one of the most important contributions of this project was 
the development of a theory, based on experimental results, 
describing high speed paddlewheel and lifting paddlewheel behaviour, 
which is able to predict with confidence the performance resulting 
from changes in any of the many variables involved in paddlewheels. 
As well as this general contribution, the project has followed 
through with the development of a new specialised vehicle, taking it 
from the stage of an idea, through experimental work, the development 
of a theory of operation, and model tests, to the design specifica-
tions and performance predictions of a full-sized man-carrying craft. 
While there may still be speculation as to the full potential or 
best use of such a vehicle, there is now no doubt that it will be 
capable of driving at speed over a water surface supported only on 
its wheels. 
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